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ABSTRACT
Nitrogen-doped gallium phosphide is a material that has been well established 
for use in the fabrication of yellow-green light emitting diodes (LEDs) in the 
optoelectronics industry.  The parameters involved in the liquid phase epitaxial 
(LPE) growth of this material were studied and evaluated.  It has been found that the 
baking cycle prior to growth has a major impact on the thermal dissociation of 
phosphorus from the substrate surface while growth temperature did not affect the 
luminescence efficiency. Different schemes to protect the substrate from thermal 
degradation were investigated.  Keeping the substrate in a cool zone before growth 
and covering it under the graphite boat were effective in preventing such 
degradation. Nitrogen doping to introduce isoelectronic centers was incorporated in 
the LPE system.  This has to be well controlled as too little nitrogen resulted in dim 
LEDs, while concentration levels above 0.1% in the gaseous phase resulted in 
dendrite growths.  A new LED fabrication process has been explored in the study, 
and this has shortened the time needed to fabricate the device structure, which allows 
electrical and optical tests to be performed on the wafers.  The process defines both 
the light emission region and the metal contact in a single masking step.  
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CHAPTER 1 INTRODUCTION
1.1 Background
Light emission from materials due to applied electric field, a phenomenon that 
is termed electroluminescence [Round], has been reported since the early 20th
century.  The materials properties were then poorly controlled, and the emission 
processes were not well understood.  For example, the first reports on light emitting 
diodes (LEDs) [Round] were based on light emission from particles of silicon 
carbide (SiC), which had been manufactured as sandpaper grit.  The best SiC LEDs, 
emitting blue light at 470 nm, managed to improve to an efficiency of only 0.03%, 
after years of development. 
Bulk growth of the III-V compound semiconductors commenced in 1954
[Nathan, 62]. Large single crystals boules of gallium arsenide (GaAs) were pulled 
from the melt, and the sliced and polished wafers used as substrates for the epitaxial 
growth of p-n junction diode structures. Infrared (870 – 980 nm) LEDs based on 
GaAs were first reported in 1962 [Nathan, 62]. In order to get visible light emission, 
GaAs was alloyed with gallium phosphide (GaP), and red LEDs (650 – 700 nm) 
were soon demonstrated. It was determined that at room temperature, the highest 
efficiency of GaAsP LEDs was about 0.2% starting with pure GaAs, and this value 
dropped by several orders of magnitude to less than 0.005% when the phosphorus 
concentration exceeded 44% [Maruska, 67]. 
It soon became apparent that GaP was not nearly as efficient a light emitter as 
GaAs, due to an indirect bandgap. This means that GaP does not emit light 
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efficiently due to the momentum conservation condition. The near bandgap radiation 
of GaP peaks at about 560 nm and is very close to the wavelength of maximum eye 
response. While the external quantum efficiency of GaP LEDs is less than that for 
the red LEDs, the eye’s response to green light is 30 times more that of the red, so 
the apparent brightness of the LEDs is comparable.  This makes GaP potentially a 
very useful visible semiconductor light source.  Efficient green electro-luminescence 
in nitrogen-doped GaP has been demonstrated for p-n junctions grown by liquid 
phase epitaxy (LPE) [Astles, 90].  The commercial interest in this material for 
display devices and discrete light emitting diodes has stimulated interest in 
developing inexpensive LPE systems, capable of producing efficient p-n junctions.  
This has propelled the evolution of LPE from a delicate laboratory technique into a 
maturing technology suitable for high volume production of high quality junction 
material.  
Nitrogen (N) substitutes for phosphorus in GaP to form isoelectronic traps.  
The peak wavelength of emission from N-doped GaP LED is longer than its bandgap 
equivalent wavelength of 560 nm at room temperature, giving a yellowish-green 
color.  These LEDs have become the primary material system for standard, low 
brightness green LEDs as they are visually appealing and have higher efficiencies 
than pure GaP green LEDs (without nitrogen doping), as can be seen in Table 1.  
They are widely used in visual display applications such as backlighting of liquid 
crystal display (LCD) panels and indicators.
Agilent Technologies (previously part of Hewlett-Packard Company) has been 
a leading optoelectronics manufacturer, with in house capability for bulk crystal 
growth, epitaxial growth, wafer fabrication, die preparation, and backend assembly.  
Its range of LED products include the full visible spectrum for display applications, 
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infrared for communication purposes, and long wavelength devices for use in optical 
fibre communications.  In several products, such as the yellow, orange and red 
visible LEDs, and the communication devices, Agilent dominates the market with its 
superior technology.  One exception is that for the yellow-green GaP:N LEDs, the 
epitaxial wafers are purchased from external vendors, with wafer fabrication done in 
house.  The GaP:N industry has been dominated by a few major wafer suppliers, 
such as Showa Denko, Shinitsu and Stanley, all growing the wafers by LPE.  The 
fact that the industry suppliers are all using LPE for the growth of GaP:N suggests 
that this is the preferred technology for this application.  Due to the commercial 
nature of the material system, there is not much literature published detailing the 
process of the epitaxial growth.
In Singapore, the Agilent operation has a wafer fabrication facility, but no 
epitaxial capability.  Collaboration was initiated in 1994 with the National University 
of Singapore to investigate the issues involved in the LPE growth of GaP:N LEDs.  
The aim is to gain some experience and knowledge in the area of epitaxial growth, 
for future application, if and when there is a need to set up an epitaxial plant in 
Singapore, and to be able to port the process to a high volume manufacturing 
environment, if there is any success in the work.
At the targeted range of wavelength (for green emission), other material 
systems that could be used include AlInGaP, ZnTeSe and InGaN.  Table 1 lists 
typical material systems used and quantum efficiencies that have been obtained 
{[Cook, 95], [Craford, 94]}. However, these require other growth technologies such 
as Molecular Beam Epitaxy (MBE) or Metal-organic Chemical Vapour Deposition 
(MOCVD), which demand a longer setup time and larger capital investment.  For 
indoor display applications, the performance obtainable from LPE growth of GaP is 
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sufficient.  Large outdoor panel displays require higher brightness LED technologies 
to provide daylight viewability.  
Table 1: Material systems and quantum efficiencies of green LEDs [Cook,95], 
[Craford,95]




GaP LPE 0.1 2.5
GaP : N LPE 0.3 0.6
AlInGaP MBE, MOCVD 1.0 6.0
ZnTeSe MOCVD 5.3 -
InGaN MOCVD 3.8 -
The other growth technologies will be discussed briefly in chapter 2.
1.2 Objectives
The primary objective of the project is to grow GaP epitaxial layers with high 
electrical luminescence efficiency and with a peak wavelength around 572nm by 
means of LPE.  It is also necessary to develop a device fabrication process so that the 
wafers grown can be fabricated into GaP LEDs with high external quantum 
efficiency.  The growth conditions and parameters for the processes should be such 
that the process can be eventually implemented on a large-scale manufacturing basis.
This thesis is organized as follows:
· Chapter 1 describes the background and objectives of the study.
· Chapter 2 briefly introduces the different epitaxy technologies, and covers some 
aspects of LPE in general.
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· Chapter 3 surveys the parameters critical to the LPE growth of GaP and reviews 
the results that have been reported in the literature.  The published results for GaP 
growth are analyzed and the optimum structure for GaP:N LEDs chosen.
· Chapter 4 describes the experimental setup and procedures used in the current 
study, followed by the results and findings in the current research.
· Chapter 5 presents the procedure appropriate for fabricating the grown wafers 
into devices, in order to test for optical and electrical results.
· Chapter 6 concludes the thesis, suggests some areas for improvement and 
recommends some future research ideas.
EPITAXIAL TECHNOLOGIES
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CHAPTER 2 EPITAXIAL TECHNOLOGIES
The term epitaxy may be defined as the deposition of a single crystal layer on a 
single crystal substrate in such a way that the crystalline structure is continued into
the layer.  From this definition of epitaxy, two conditions must be satisfied:
i. Crystal structures of layer and substrate should have the same crystallographic 
space group.
ii. Unit cell dimensions or lattice parameter of the layer and substrate should be 




where aL = lattice parameter of the layer;
aS = lattice parameter of the substrate; and
aav = ½(aL + aS),
has a value e £ 10-3, then epitaxial growth will occur although with some 
distortion of the unit cell of the epitaxial layer in order to maintain exact lattice 
plane continuity across the substrate-layer interface.  For e > 10-3 there is 
increasing tendency towards the generation of misfit dislocations either at the 
interface or as threading dislocations, with an increasing difficulty in nucleating 
the epitaxial layer growth.
For device quality materials of high efficiency, the internal non-radiative losses 
must be low.  The layers must have low interfacial stresses and low interfacial 
recombination velocities.  This can be achieved if they are lattice matched to each 
other.
EPITAXIAL TECHNOLOGIES
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There are three main epitaxial techniques for the growth of semiconductor 
materials, each of which has several variations.  They are Molecular Beam Epitaxy 
(MBE), Vapor Phase Epitaxy (VPE), and Liquid Phase Epitaxy (LPE). Whereas 
conventional LEDs are still grown by LPE, the vast majority of today's high 
brightness LEDs (HB-LEDs) and laser diodes (LDs) are grown by Organo-Metallic 
Vapor Phase Epitaxy (OMVPE), a variant of VPE. Complex heterostructure 
electronic devices, such as the heterobiopolar transistors (HBTs) and high electron 
mobility transistors (HEMTs) and advanced solar cells are grown by either MBE or 
OMVPE.
2.1 Molecular Beam Epitaxy (MBE)
MBE may be described as a sophisticated evaporation technique performed in 
ultra-high vacuum (UHV).  In this growth process, the constituent atoms of the 
epitaxial layer are supplied to the hot substrate as beams of particles, usually 
obtained by evaporating the elements in a heated effusion cell.  The substrate is 
placed in the high vacuum and elemental species are evaporated from ovens/effusion 
cells and impinge upon the heated substrate, where they assemble into crystalline 
order.  The atoms travel without collision to the substrate.  Surface kinetics is 
therefore of primary importance in MBE.  With proper control of the source (e.g.  
Ga, As, Al, Si, etc), almost any material composition and doping can be achieved.  
Furthermore, the composition can be controlled with a resolution of virtually one 
atomic layer [Adams, 90].  
MBE has significant advantage over the other growth technologies, but is much 
more expensive.  One key advantage of MBE is the ability to desorb in situ the oxide 
on the surface just prior to growth and then determine if it has taken place by its 
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reflection electron-diffraction pattern.  This glancing-incidence technique shows the 
surface changing from amorphous to crystalline when successfully cleaned.  It is also 
possible to determine the average atomic ordering of the surface from the pattern of 
diffracted spots.  It can also monitor the film as it grows.  Other advantages follow 
from the fact that MBE is an ultra-high-vacuum technique.  Surface analysis 
techniques, such as Auger electron spectroscopy, can be included in the growth 
chamber.  Present day growth kits usually have load-locked entry ports, substrate 
exchange mechanisms, separate preparation chambers and even linked chambers 
where dielectric and metal layers can be deposited.  These features are all made 
feasible by virtue of the UHV environment necessary for reproducible growth.  
Another good point is that it can produce almost any epitaxial layer composition, 
layer thickness and doping and can do so with high accuracy and uniformity across a 
wafer.
Limitations of MBE include stringent high vacuum requirement (10-10 to 10-11
Torr), which is an exceedingly difficult requirement in the presence of heated 
substrates and effusion ovens. In practice this translates to long downtime for the 
growth system.  Complex and costly equipment and slow growth rate (~1mm/h to 10 
mm/h) add further to the cost of production.
Three variations of MBE are:
i. Migration enhanced epitaxy (MEE) or migration enhanced MBE (MEMBE), 
which is a process in which the group III and group V atoms are sequentially 
deposited on the wafer by alternating the shutter openings on the Ga and As 
sources, for example.  In conventional MBE, both shutters are open at the same 
time and both types of atoms together impinge upon the wafer.  The intent is to 
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give the group III atoms some time to migrate over the wafer surface to yield a 
more perfect structure, possibly even at lower growth temperature.  This is 
especially studied for growth of GaAs epitaxial layers on Si substrates.
ii. Atomic layer epitaxy (ALE), which is much like MEE, except that the emphasis 
is to form one atomic layer of each species at a time.  The potential advantage of 
this technique is based on the fact that the first atomic layer is bound mainly by 
chemisorption, which is strong, while subsequent atomic layers (of the same 
species) are bound by physisorption, which is less strong.  By appropriately 
adjusting the growth temperature, the process is intended to be self-regulatory: 
one atomic layer will form, but not a second.  This self-regulatory feature has 
uniformity and compositional advantages.  Further, the technique has the ability 
to grow on sidewalls, (e.g. of an etched trench) in more complex applications.
iii. Metal-organic MBE (MOMBE), where metal-organic sources commonly used in 
MOVPE is used, e.g. triethylgallium may be used as the Ga source in the 
machine, gases such as arsine and phosphine may be used as the group V source.  
Its major advantage is reducing the frequency and difficulty of replacing the 
material sources within the MBE machine.  In conventional MBE, the machine 
must be opened to air and the effusion oven cooled to replenish material.  This 
must be done rather often, and it is a slow process, which can require several 
initial runs to re-establish purity and control.
2.2 Vapor Phase Epitaxy (VPE)
In VPE growth, the atoms are brought to the wafer in a gaseous phase.  Under 
appropriate temperatures and other conditions, reactions take place on the substrate 
surface that result in these atoms being deposited on the surface, where they replicate 
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the underlying crystal structure.  VPE is generally a slow growth process, normally 
of the order of 20-30mm/h, the growth rate being controlled by gas flows and 
substrate conditions.  More complicated apparatus is required for gas handling and 
more complex temperature zones have to be established in the furnace.
There are two basic classes depending on the gas system employed:
i. Trichloride process: (e.g. InGaAsP system) AsCl3 and PCl3 are passed over 
elemental Ga or In to form metal chlorides, or over binary wafers such as GaAs 
and InP.
ii. Hydride process: HCl gas is passed over hot In or Ga metal to generate the metal 
chlorides and then combined with cracked hydrides of arsenic (AsH3) and/or 
phosphorous (PH3).
Advantages of VPE include ease of scaling up to manufacturing conditions 
from the research setup, and real-time monitoring (e.g. gravimetric, optical) of the 
growth can be done.  Electrobalances have been used to record the change in weight 
of the substrates as the epitaxial layers are deposited.
In VPE growth, it is difficult to achieve sharp interfaces between layers simply 
by rapidly changing the inlet gas composition.  This is because the deposited layer is 
a function of the gas-stream composition in the vicinity of the substrate and it is 
inevitable that there is a delay before the sample’s ambient experiences the change.  
Also the resultant gas composition may not accurately reflect the inlet changes.  The 
multi-barrel VPE reactor was designed to resolve this problem.  In the scheme, the 
gas compositions required for the targeted solid compositions are set up and 
stabilized in separate chambers or barrels.  To change layer compositions, the 
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substrate is presented to the relevant chamber.  VPE also suffers from attack of the 
hot silica glassware in the hot wall reactor by the reactant gases.
One important variation of the VPE technique is metal-organic vapor phase 
epitaxy (MOVPE), also known as metal-organic chemical vapor deposition 
(MOCVD) or organo-metallic chemical vapor deposition (OMCVD).  In this growth 
technique, the group III elements are introduced in the form of metallic alkyls, e.g. 
Ga(CH)3 or trimethylgallium (TMGa), as opposed to the chloride or trichloride 
transport used in conventional VPE, and a cold wall reactor is used.
Growth is achieved by introducing precisely metered amounts of the Group III 
alkyls and the Group V hydrides, usually via mass flow controllers, into a quartz 
reaction tube.  The substrate is placed in this tube and heated on a carbon susceptor 
using RF induction.  The hot substrate and susceptor have a catalytic effect on the 
decomposition of the gaseous products and the growth takes place primarily at the 
hot surface, the substrate acting as a template for the arrangement of the deposited 
atoms onto a lattice-matched epitaxial layer.  
The reactor design is simplified as only the sample and its holder need to be 
heated.  Group V hydrides, e.g. AsH3, PH3, may again be used, although these can be 
obtained in metallorganic form.  It is possible, using MOCVD (and also MBE – see 
section 2.1), to grow epitaxial layers with more lattice mismatch (e > 10-1) or with 
different crystal structures, e.g. GaAs on Si, since high degree of supersaturation is 
possible.
Low pressure MOCVD has been used to produce layers that are sufficiently 
thin and abrupt to show size quantization effects.  This technique has evolved from 
low pressure MOCVD of Si in which the reduced pressure lowered the dopant vapor 
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pressure above a heavily doped substrate.  Without this measure, subsequent high 
purity layers were unintentionally doped - the autodoping effect.  The technique has 
also eliminated the parasitic reaction of TMIn with the hydrides (e.g. PH3), which 
leads to fumes, formation of additional compounds and the depletion of the vapor 
phase.
One major concern with MOVPE is the safety requirements associated with the 
toxic gases, such as arsine and phosphine.  Attempts have been made to replace 
arsine with other sources of arsenic such as tertiarybutylarsine (TBA), which is a 
liquid and is much safer to handle and use.
2.3 Liquid Phase Epitaxy (LPE)
Liquid phase epitaxy normally refers to growth of epitaxial layers from 
solutions at elevated temperatures.  This is the most widely used and relatively least 
costly epitaxial growth technique.  In the growth of GaP:N green LEDs, LPE is the 
established choice of the industry due to its low operational cost, high growth rate 
and high efficiency.
The growth is normally done in a sliding graphite boat.  In the stationary 
section are a number of wells, which contain the melt constituents required for the 
various layers of the structure, e.g. GaP dissolved in Ga.  In addition, there may be 
melts for in situ etching of the substrate prior to deposition to remove thermally 
damaged surface layers or surface contamination.  The melts are homogenized at the 
saturation temperature and then the furnace temperature lowered.  The 
supersaturation so produced in the melt is the driving force for nucleation on the 
substrates.  The substrates are moved under each melt in turn for the required time to 
grow the desired thickness of each layer.
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Melt-casting technique, where a large quantity of material is prepared and cast 
into several melts so as to reduce weighing error, has been used to improve accuracy 
and uniformity of wavelength in laser structures.  It can also improve reproducibility 
in mass production systems.  
The advantages that LPE has to offer are that 
i. High luminescence efficiency due to the low concentration of non-radiative 
centers and deep levels.
ii. Growth of ternary and quaternary alloys to greatly extend the range of material 
properties available.
iii. Controlled n-type and p-type doping with a wide variety of dopants available.
iv. Ability to grow multi-layer structures, e.g. p-n junctions, heterostructures with 
low interface recombination velocities.
v. Good reproducibility and uniformity of materials properties over large areas as it 
is a near equilibrium process.
vi. Equipment that is cheaper to construct and operate.  Many systems, as shown in 
Appendix A, have also been designed for multiple wafer growths.
There are several aspects in which LPE is not so advantageous, mainly related 
to the more recent development in semiconductor device technology which require 
larger device structure or exceptional thickness and doping control:
i. It is difficult to grow large areas (>2cm2) of material that are free of surface 
blemishes (e.g. for transmission photocathodes or integrated circuits).  Defects 
such as terraces, pinholes, and meniscus lines tend to be present.
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ii. It is also challenging to grow very abrupt interfaces, or precisely controlled 
doping or composition profiles (e.g. for Gunn or IMPATT diodes).
iii. Where extremely accurate layer thickness uniformity and reproducibility are 
required (e.g. for microwave FETs and quantum well structures), MBE or 
MOCVD offer much better results.
iv. When compositional grading is required to overcome lattice mismatch between 
layer and structure.  It is difficult to grow abrupt hetero-epitaxial layers
Some variations of LPE are:
i. Electroepitaxy or current controlled LPE, in which an electric current is passed 
through the solid-liquid interface to stimulate layer growth.  It has been shown 
that reproducible increases in doping level could be obtained by increasing the 
current density during growth.
ii. LPE with controlled vapor pressure (CVP), whereby an optimal phosphorous 
pressure is applied over the melt to achieve layers with less defects such as deep 
levels or vacancies.  Better crystal quality material and higher efficiency devices 
have resulted from this method.
It can be seen that LPE, as a matured technology, is still appealing in low cost 
applications.  Traditionally, GaP:N LEDs have been grown by LPE as it is able to 
grow thick layers of high quality epitaxial material in a shorter time than the other 
technologies at a much lower cost, in large quantities.  The device structure of GaP:N 
LEDs does not need the precise control of epitaxial thickness offered by MBE and 
MOCVD.  The complexity and relatively poorer understanding of the MBE and 
MOCVD systems result in longer setup time and downtime for maintenance and 
troubleshooting compared to the simpler and more developed LPE technology.  The 
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cost of setting up and running MBE and MOCVD systems is in the order of millions 
of dollars, while setting up a LPE system is in the order of tens of thousands of 
dollars.  The ease in scaling up to multiple wafer growth also allowed manufacturers 
to increase the supply of the wafers easily, to cope with increased demand.  The wide 
spread use of LEDs in display applications such as indicator lamps and backlighting 
means that GaP wafers need to be supplied in large quantities.  In order to meet the 
market demand in terms of cost and ability to supply the volume needed, LPE is the 
favored technology for growth of GaP:N LEDs.
Details of LPE growth, in particular those pertaining to GaP:N LEDs, are 
described in the following chapter.  
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CHAPTER 3 CONSIDERATIONS FOR LPE
GROWTH OF GaP
In this chapter, the published results on the considerations and growth 
conditions for LPE growth of GaP LEDs are consolidated and analyzed.  Factors 
such as techniques of cooling to produce the supersaturation, growth temperature, 
dopants used, junction formation and issues that are peculiar to the GaP material 
system including phosphorus dissociation, nitrogen incorporation and oxygen 
contamination are discussed.  The device structures for efficient optical emission and 
reliability aspects are also covered.  
3.1 Liquid Phase Epitaxial Growth Techniques
The basis of LPE is the production of supersaturation in the growth solution, 
such that deposition of solid material occurs onto the substrate.  The supersaturation 
can be produced in several ways, as described in the following sections [Astles, 90].  
Other techniques are available but those are not readily implementable in a mass 
production system and will not be explored here.
3.1.1 Ramp-cooled growth
In this technique, the temperature of the melt is lowered at some rate R 
(oC/min) from the liquidus temperature (TL) to a temperature TL - DTR while in 
contact with the substrate.  The temperature versus time profile for the growth period 
is illustrated in Figure 1.  Typical ramp rate is of the order of 1oC/min [Saul, 71].  
Layer thickness (d) varies with growth time (t) according to the relationship
d µ t3/2
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Figure 1: Temperature against time profile for ramp-cooled LPE growth 
method
The advantage of this technique is its fast growth rate.  It is mainly used when 
thicker layers are needed (5-50mm) or when thickness control is not critical.
Its disadvantages are that compared to step-cooled growth (which is described 
in the following section), both thickness uniformity and surface topography tend to 
be inferior and reproducibility between run to run is poorer, as it is sensitive to 
temperature fluctuations in the furnace.
3.1.2 Step-cooled growth
In this case, the solution is held at a constant temperature DTS below the 
liquidus temperature and then brought into contact with the substrate.  The melt is 
held at constant temperature during the growth.  The profile of the temperature 
change with time is illustrated in Figure 2.  This technique is also known in the 
literature as the temperature difference method (TDM) or isothermal growth.  It can 
be shown that 
d µ t1/2
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Figure 2: Temperature against time profile for step-cooled LPE growth method
There are two main advantages associated with this technique:
i. Supercooling in the melt enhances nucleation, which is important if the substrate 
and the epitaxial layer have some lattice mismatch.  Smooth surface should be 
expected too.
ii. Since growth occurs at a constant temperature, problems associated with 
temperature dependence of layer composition or impurity incorporation are 
eliminated.  For instance, the distribution coefficient of zinc is known to decrease 
with decreasing temperature.  Temperature changes during growth are injurious 
to the crystallographic quality of the epitaxial layer.
The drawback of this approach is that the growth solution can only support a 
limited degree of supercooling (10-15oC for metal rich III-V solutions) before 
spontaneous crystallization occurs.  When thicker layers (>10mm) with good surface 
flatness are required, the supercooling growth technique is normally used.
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3.1.3 Supercooled growth
This is a hybrid of step-cooled and ramp-cooled growth.  The temperature of 
the growth solution is lowered DTS below the liquidus temperature (TL).  The 
substrate and the melt are then brought into contact, while the solution is cooled at a 
rate R over a range DTR.  The temperature versus time profile is illustrated in Figure 
3.  The early stage of growth is basically a step-cooled regime while the latter stage 














Figure 3: Temperature against time profile for supercooled LPE growth method
This method has the advantage of an initial supercooling to enhance nucleation 
together with the ability to grow thicker layers as compared with simple step-cooled 
growth.  
3.1.4 Transient mode growth
A cool substrate is introduced into a hot solution that can be either saturated or 
supersaturated.  This technique has been applied to the growth of materials with large 
lattice mismatches, e.g. GaAs on InP(Da/a ~3.6%) and AlGaAs on GaP(Da/a ~3.8%) 
While the control of layer thickness may be difficult with this technique, it is 
CONSIDERATIONS FOR LPE GROWTH OF GAP
LPE GROWTH AND FABRICATION OF GAP GREEN LEDS page 20
advantageous for growing thick layers since the initial supersaturation is high, which 
increases the nucleation rate.  The volatility of GaP substrates in the high 
temperature of the growth environment makes this technique a good choice.
Owing to the thick GaP layers (>20mm) desired for LED devices (to be 
discussed in section 3.7), high growth rate techniques like supercooling and transient 
mode growth are applied in this study. The graphite boat (discussed in section 4.2) 
has to be designed to facilitate this.  
3.2 Growth temperature
In theory, LPE growth can occur anywhere along the liquidus curve.  Several 
parameters are involved in the choice of the proper growth cycle.  The initial 
temperature at which layer growth occurs must be high enough so that the melt 
contains adequate GaP for the layer thickness to be grown.  The temperature 
reduction during the growth cycle should be small in order to minimize the effect of 
changes in segregation coefficients of the dopants with temperature.  The cooling 
rates should be slow enough to develop a good crystal structure and fast enough to 
minimize the loss of dopants or phosphorus from the melt.  
In practice, the choice of the growth temperature is limited by several factors 
[Astles, 90].  The characteristics of high and low growth temperatures are 
summarized in Table 2.
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Table 2: Characteristics of high and low growth temperatures in LPE
High Growth Temperature Low Growth Temperature
· High epitaxial growth rate, which 
is desirable for thick layers.
· Higher risk of contamination in the 
growth solution from the container 
material (graphite or silica or boron 
nitride).
· Higher vapor pressures of solution 
components and dopants, thus 
leading to volatilization from the 
growth solution during the heating 
cycle prior to initiation of the layer 
growth.  This makes control of 
doping difficult [Sugiura,77].  
· An increased possibility of post-
growth strain being introduced 
during cooling to room temperature 
due to differences of expansion 
coefficients between the layer and 
the substrate.
· An increased likelihood of thermal 
degradation of the substrate before 
growth due to preferential loss of 
the group V constituent.
· Better wetting of Ga over the 
substrates, which allows cleaner 
wipe-off after growth.
· Poor layer nucleation due to  
surface oxides on the substrate not 
being removed through reduction 
by the ambient gas.
· Low growth rates, which is 
desirable if very thin layers (<1mm) 
are to be reproducibly grown.
· Failure to remove unwanted 
volatile impurities from the growth 
solution, which can lead to high 
background impurity 
concentrations and low mobility.
· Higher efficiency, possibly due to 
less structural defects.
· Less likelihood of ammonia gas 
dissociation.
Growth of GaP has been carried out at temperatures ranging from 750oC to 
1100oC [Lorimor, 73, 75].  It has been reported that diodes grown at low temperature 
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are more efficient than those grown at normal temperature.  Comparison was made 
between layers grown at 1000oC and 900oC, with the latter having approximately 
50% greater CL efficiency and longer minority carrier diffusion lengths [Lorimor, 
73].  In addition, it was found that a larger cooling interval, with a corresponding 
decrease in the temperature at which the p-n junction is formed, resulted in higher 
device efficiency [Lorimor, 75].
It was also found [Herzog, 74] that with growth starting temperatures near 
1050oC, appreciable amounts of Si were present in the resultant layers.  Two major 
sources of Si contamination are in the reduction of quartz by H2 and Ga.  
Calculations on the contamination rates of Ga in a quartz crucible in flowing H2
indicate that these rates increase appreciably with increasing temperature.
Normally the n-layer is grown first followed by the p-layer on top.  Junction 
formation takes place at about 850oC.  It appears attractive to grow at a lower 
temperature and try to keep the level of contamination low by ensuring cleanliness.  
However, low solubility of P below 850oC makes growth below this temperature 
difficult [Lorimor, 75].  This may possibly be achieved with the application of 
external phosphorus pressure (to be discussed in section 3.3).
It has also been found that growths terminated at temperatures below 800oC 
result in poor wipe-off or Ga leftover on the wafers, which is difficult to remove and 
will interfere with subsequent processing, especially during metallization processes.  
GaP wetting angles were determined by linear cross-section of Ga droplets [Berg, 
73] at 750oC and 1000oC in different ambient gases.  The result shows that molten 
Ga wets GaP more at higher temperature.  The same study has also found that Ga 
does not wet graphite at these temperatures.  This implies that the in order not to 
have leftover Ga on the wafers, the wafers should be separated from the solutions 
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(and the growths terminated) at a temperature not less than 800oC.  This low 
temperature limitation could potentially be overcome by the use of indium solvent 
and phosphorus over-pressure, where high quality GaP crystals was grown at 
temperatures as low as 580oC, but at much lower rate [Sugiura, 79].
3.3 Thermal Dissociation of Phosphorus
An important factor affecting the crystalline perfection of the growing layer is 
the high partial pressure of the more volatile (group V) constituent.  For GaP growth, 
dissociation pressure of phosphorous is so high that nonstoichiometric defects, such 
as phosphorous vacancies are easily incorporated into the crystal during epitaxial 
growth.  The defects may also interfere with subsequent layers to be grown or 
insulating dielectrics or ohmic contact metallization.  Any commercial process of 
LPE should provide substrate protection prior to deposition [Berg, 73].  By the 
application of phosphorous pressure above the liquid melt, the stoichiometry can be 
controlled, allowing high quality crystal to be grown.  Nonstoichiometric defects 
such as vacancy, interstitial or their complexes with impurity and concentration of 
deep levels, which act as nonradiative recombination centers, can be minimized, 
resulting in high crystal quality and improvement of device efficiency [Nishizawa, 
79].  Solutions to this problem include
i. Flowing a suitable gas, normally a group V compound such as PH3, in the LPE 
reactor for overpressure.
ii. Using a cover, normally another substrate of the same material to protect the 
substrate to be grown.
iii. Vaporizing solid sources to provide the required pressure [Sugiura, 79].
iv. Etching away the thermally damaged layer just before growth.
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It has been found that there exists an optimum phosphorous pressure, which 
depends on the growth temperature, where most root-like faults in the epitaxial layer 
can be eliminated for GaP growth.  At a low growth temperature of 750oC, a 
phosphorous vapor pressure of 42.5Torr allows growth without any visible defects.  
At growth temperature between 820oC to 840oC, the optimum pressure is between 
100 to 1000 Torr [Nishizawa, 75].
In the growth of InP, vaporization of phosphorous can cause uneven growth
with pits.  The surface topography is greatly improved when PH3 is added to the 
ambient gas (hydrogen) to prevent loss of phosphorous from the InP substrate 
[Astles, 90].  It has also been found that PL intensities are stronger for wafers grown 
under a PH3 ambient, compared to being covered by another InP substrate 
[Takahashi, 81].  Laser diodes with lower threshold currents are also obtained 
reproducibly from wafers grown under a PH3 ambient.
A contradicting study however claimed that the best PL results were obtained 
from layers grown under a low phosphorous pressure, and the worst came from 
conditions resulting in high P2 or P4 partial pressure.  In this study, GaP was grown 
in a sealed crucible or in a stagnant atmosphere, resulting in a build up of 
phosphorous pressure.  More Ga vacancies were generated than in the case where the 
phosphorous was swept away by a stream of H2.  If a reservoir of Ga is placed in the 
sealed crucible to trap the phosphorous, the resultant layer PL is again favorable, 
back to before the building up of phosphorous pressure [Ladany, 72a].
It is clear that the phosphorous pressure is a factor that cannot be ignored in 
LPE GaP growth.  Its effects warrant more research in the current work and in future.  
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3.4 Junction Formation
Various ways of forming the p-n junction required for GaP LEDs are listed in 
the following sections.
3.4.1 Diffusion
Zinc is diffused into LPE layers in sealed ampoules at temperature of around 
900oC to yield the junction.  This method is commonly used in the manufacturing of 
red GaP and GaAsP LEDs [Tuck, 77].  It has also been applied to GaP n-layers to 
form LEDs {[Beppu, 77], [Herzog, 74]}.
3.4.2 Two-step growth
The material is removed from the reactor after growth of one layer before the 
next layer is grown.
The efficiencies of devices grown using diffusion and two-step growth were 
typically one order of magnitude lower than those grown using over-compensation 
and double melt growth.  Also, the time and effort required for the first two methods 
are much more than the next two methods, which do however require equipment of 
higher complexity.
3.4.3 Over-compensation
The n-layer is first grown and an acceptor dopant, normally zinc is added to the 
melt to overcompensate it for the p-layer growth.  The dopant can either be 
physically dropped into the melt or vaporize in a subsidiary zone of the furnace and 
transported by gas flow to the melt.  The presence of donor dopants in the p-layer 
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does not degrade the minority carrier diffusion length compared to standard p-layer, 
at the doping levels used for GaP LEDs [Lorimor, 73].
The disadvantage of this technique is that the doping profile (variation of the 
doping level along the growth direction) is determined by the temperature variation 
of the respective distribution coefficients.
One variation of this approach is to hold the melt at reduced pressure before 
introducing the acceptor so that the n-dopant can vaporize and the resultant p-layer 
has less over-compensation.  Higher efficiency has been achieved using this 
volatilization of dopant [Kawabata, 83].
3.4.4 Double melt
In this case the wafer is normally moved in a sliding boat from bin to bin which 
contain solutions with different dopants to grow the different layers [Ladany, 72].  
Junction produced is abrupt, whereas that produced by overcompensation is graded.  
Both double melt and overcompensation approaches can potentially be 
implemented for mass production of efficient GaP:N wafers.
3.5 Nitrogen 
It is well established that the addition of nitrogen to epitaxial layers of GaP 
improves the efficiency of green LEDs.  Much research has been done on GaP LEDs, 
but useful emission of high enough efficiency has only been obtained since the use of 
LPE to grow this type of material and of nitrogen doping to enhance the diode near 
bandgap radiation at room temperature.  Although GaP is an indirect bandgap 
semiconductor, the radiative recombination efficiency in this material can be 
enhanced by the introduction of nitrogen as an isoelectronic center.  If GaP is doped 
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with nitrogen, some of the phosphorus atoms are replaced with nitrogen.  As nitrogen 
has the same number of valence electrons as phosphorus, it does not contribute to 
electronic conduction.  However it introduces a shallow level below the conduction 
band, which can localize an electron, and in turn attracts a hole, forming a bound 
exciton.  This bound exciton recombines radiatively, thus giving rise to the emission 
of green light with photon energies some 50 meV below the bandgap, which is 2.26 
eV. A sharp absorption line at 2.3172 eV (4.2K) known as the A line is associated 
with the direct creation of a bound exciton state without phonon cooperation.  
Atomic nitrogen is preferable for doping use since it is difficult for molecular 
nitrogen to react with Ga due to the strong triple bond in N2 [Jones, 84].  To obtain 
high efficiency, the nitrogen concentration should be a maximum in the region of the 
light emitting junction.  High nitrogen levels away from the p-n junction increase the 
absorption of the generated light, which reduces the device efficiency [Logan, 71].  
3.5.1 Nitrogen Incorporation
The diffusion coefficient of N in GaP is too small to allow nitrogen doping by 
diffusion methods [Gillessen, 77].  It is therefore necessary to introduce the nitrogen 
during growth, which may be done using either solid or gaseous sources.  
Crystalline GaN can be placed into the Ga melt and then the temperature raised 
for a few minutes [Ladany, 72a].  This method is not frequently adopted as an over-
pressure of nitrogen of approximately 370 atm is needed to maintain the 
stoichiometry of GaN [Jones, 84].  Under normal growth pressure and temperature, 
high loss of N is expected.  
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The preferred method is baking out the melt at high temperature while flowing 
NH3 gas through the furnace followed by the LPE growth.  The reaction for the 
incorporation of N during the LPE growth of GaP may be written as [Logan, 72]
NH3(g) + Ga(l) ® GaN(s) + 
3
2 H2(g)
Some phenomena observed regarding nitrogen doping are:
i. The N concentration in GaP increases linearly with the NH3 partial pressure 
(pNH3) up to a concentration of ~2.5´10
18 cm-3 at pNH3 = 10
-3 atm (=0.76 mT).  The 
NH3 gas is diluted with H2, the carrier gas in the LPE reactor. The efficiency of 
LED fabricated with this material increases monotonically with pNH3 below 0.76 
mT.  With 0.12% of NH3 in the gas stream, the efficiency of the LEDs increased 
by factors of 3 to 10.  [Logan, 89].  With pNH3 > 0.76 mT, the crystal growth 
becomes disturbed and the efficiency of the LED begins to decrease with 
increasing pNH3.  Above the solubility limit of N in Ga, the layer growth is 
disturbed and irregular, which may have arose from particles of GaN in the 
growth solution, which settle on the substrate as GaN is denser than Ga [Logan, 
71]. Thus the ratio of NH3 to H2 in the growth ambient should be targeted at 
0.1%, since this produces the maximum efficiency without disturbing the grown 
layers.
ii. At 1000oC, increasing pNH3 above 0.76 mT produces no increase in the N content 
of the GaP and causes GaN precipitation in the liquid [Stringfellow, 72]. NH3 can 
rapidly dissociate at elevated temperature in the presence of graphite.  This is 
undesirable for the incorporation of nitrogen [Roccasecca, 74]. This observation 
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implies that the growth of GaP:N should be carried out at temperatures below 
1000oC.
iii. The incorporated nitrogen from ammonia gas is substrate orientation dependent.  
Higher nitrogen incorporation is obtained for the {111}P orientation, which leads 
to more efficient green LEDs.  Growth on {100}Ga and {111}Ga orientation 
leads to 50% and 75% lower nitrogen concentration respectively [Roccasecca, 
74]. Accordingly, for maximum efficiency of the LEDs, {111}P substrates 
should be used for GaP:N LEDs.
iv. At high nitrogen concentration (>1020cm-3), the A line peak diminishes from the 
PL spectrum, while the NNi lines and their phonon replicas become broader and 
gradually change into one broad peak, as shown in Figure 4 [Yaguchi,97].  This 
level of nitrogen is achieved with OMVPE and is unlikely to be seen in LPE 
grown samples as the solubility limit of N in GaP is of the order of 1018cm-3 at 
900oC.
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Figure 4: 6K PL spectra of GaP1-xNx alloys with various nitrogen concentration 
[Yaguchi,97]
3.5.2 Measurement of Nitrogen Concentration
A procedure for the determination of nitrogen concentration in GaP from 
crystal absorption measurement was outlined and calibrated by nuclear microanalysis 
measurements [Lightowlers, 74].  A sharp absorption line known as the A line at 
2.3172eV, as shown in Figure 5, is associated with the direct creation of a bound 
exciton state without phonon cooperation.  Another prominent absorption feature is 
located at Ax (2.3275eV), which is coincident with the free exciton energy gap.  The 
nitrogen concentration in GaP has generally been defined in terms of the integrated 
absorption of the A line [Bachrach, 73], the peak absorption coefficient and half 
width of the A line, or the absorption coefficient of the Ax at temperatures close to 
4K.
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Figure 5: Transmission spectrum obtained at 11K for a 0.1mm LPE layer 
containing 6.7´1017 nitrogen cm-3 grown on a 0.3mm LEC substrate 
containing 7´1014 nitrogen cm-3.  Spectra are also shown for the 
substrate alone before and after annealing for 1hr at 1000oC 
[Lightowlers,74]
Photocurrent measurements have also been made to ascertain nitrogen 
concentration.  The N-bound exciton “A-line” peak and its TO-phonon replica can be 
seen in the photocurrent spectra [Albrecht, 81].  The ratio of the room temperature 
photocurrent at 5530Å to that at 5300Å can be used to determine the N concentration 
within a diffusion length of the junction [Kressel, 73].  Given the same growth 
conditions and fabrication processes, this technique can be correlated to the EL 
efficiency of either p-n junction diodes or Schottky diodes, and may thus be a fast 
way to determine efficiency of wafers without having to go through complete 
fabrication.
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Another novel way of determining the level of N doping from the 
photoluminescence spectra of GaP was proposed in [Thierry-Meg, 83]. Nitrogen 
concentration has been determined by calculating the ratio of the intensities of the 
NN1 (the peak due to the energy level introduced because of the nearest neighbor 
nitrogen pair) to the A line. The NN1 and the A lines in GaP:N lie at approximately 
5684Å and 5349Å respectively at a temperature of 4K. A typical PL spectrum at 
4.2K for LPE grown GaP:N is shown in Figure 6. The intensity of the NN1 line(INN1), 









where INN1 = Intensity of the NN1 line,
IA = Intensity of the A line,
wo = Oscillator strength (3´1012 s-1 for GaP),
tA = The “A” exciton radiative lifetime (10-7 s for GaP),
Ro = The “A” exciton radius (40´10-8 cm for GaP).
The nitrogen concentration of the wafers grown in this work were determined 
using this method.
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Figure 6: Typical PL spectrum at 4.2K for LPE grown GaP:N, showing the 
identity of most of the peaks[Thierry-Meg, 83]
3.6 Dopants
In general, a suitable dopant should have the following properties:
i. High solubility in GaP.
ii. Do not form precipitates.
iii. Dissolve readily in Ga.
iv. A low vapor pressure.
v. A moderate diffusion rate.
vi. Do not react with other dopants such as ammonia.
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Almost all literature surveyed used the highly volatile Zn as the acceptor 
{[Gershenzon, 66], [Ivashchenko, 74], [Nedeoglo, 76], [Neumann, 79]}, although 
Mg is also a possible candidate [Lorimor, 72].  Be has been tested but its solubility in 
Ga is found to be low and its diffusion rate is too fast, while C is mainly limited by 
its low solubility at the typical growth temperature of around 900oC [Lorimor, 72].  
One interesting property of Mg is that no Mg-O pair emission analogous to the Zn-O 
pairs is observed at room temperature, thus reducing red emission.  The stringent 
requirements on solution purity and melt prebaking concerning oxygen 
contamination may therefore be relaxed.
Common donor dopants used include S, Te [Jordan, 73], Si [Kazmierski, 82], 
Se [Gershenzon, 66] and Ge [Ivashchenko, 74].  There have also been diodes built 
with no donor added to the n-melt. Only the residual impurities are present, which 
results in n-doped layers.  One study done on solution grown substrate [Gillessen, 
77] shows that S as a dopant gave better efficiency and is less dependent on the 
doping level.  At low doping (~1016 cm-3), layers using S, Te and Se as dopants 
approach the same efficiency and is better than at high doping level [Logan, 71].  
The effects of Te and S on the crystal perfection of GaP ingots grown in a high 
pressure puller by the direct synthesis LEC technique were compared by [Liu, 83].  It 
has been found that the etch pits density for Te-doped GaP crystals of 45 mm 
diameter is about 4´105 to 106 cm-2, while that for S-doped crystals is generally 
7´104 to 3´105 cm-2, or about one order of magnitude lower, indicating the better 
doping effect of the latter.  Another difference between Te- and S-doped GaP 
crystals lies in the fact that “anomalous black spots” are found in the central portion 
of all the Te-doped GaP crystals, but have not been found in the undoped or S-doped.  
The diameter of the “anomalous black spots” can be as large as 3-4 mm.  These spots 
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are thought to have originated from the segregation of Te in the form of some 
complex of Te and native defects.  This is considered another advantage of using S 
as a dopant for GaP.
Typically, the targeted doping concentration for n-type region is in the lower 
end of 1017 cm-3, while that for p-type concentration is in the higher end of 1017 cm-3.  
Studies conducted for optimizing the concentration level for highest light output have 
been done, giving values of n = 1017 cm-3, p = 8´1017 cm-3 [Saul, 73], n = 1017 cm-3, p 
= 1018 cm-3 [Gillessen, 79], n < 1017 cm-3, p = 1018 cm-3 [Logan, 71].
3.7 Thickness of LPE layers
Owing to the non-radiative recombination at the semiconductor surface, the p-n 
junction depth should be large compared to the minority carrier diffusion length.  On 
the other hand, the absorption of the luminescence light dictates that a shallow 
junction is desirable.  Theoretical calculations show that for maximum output power 
of LEDs, the optimal ratio between junction depth and the diffusion lengths of 
minority carriers of 2-3 is required [Reichel, 78].
For GaP, the minority carrier diffusion length for electrons, Ln, is typically of 
the order of 2mm, while that for holes, Lp, is around 5mm.  Hence, a p-layer thickness 
of more than 10mm is needed.  Typically, both p and n layers are grown to about 
20mm thick [Ralston, 73].
Given the above requirement of epi layer thicknesses, the optimized GaP:N 
green LED structure would have p- and n-layers of about 20 mm thick each, with the 
10 mm on each side of the junction being N-doped, so that the emitted light is not re-
absorbed.  This structure is illustrated in Figure 7, including the doping 
concentrations discussed in section 3.6. 
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GaP substrate
GaP : S
GaP : S, N
GaP : Zn, N
GaP : Zn [Zn] = 5 to 10 ´1017cm-3
[Zn] = 5 to 8 ´1017cm-3, [N] = 1018cm-3
[S] = 1 to 3 ´1017cm-3
[S] = 5 to 9 ´1017cm-3
[S] = 1 to 3 ´1017cm-3, [N] = 1018cm-3
7 – 10 mm
7 – 10 mm
7 – 10 mm
10 – 15 mm
9 - 11 mils
Figure 7: Structure of GaP:N green LED, for efficient light generation and 
extraction
3.8 Oxygen Content
Oxygen is deleterious to the efficiency of GaP green LEDs and may contribute 
to NH3 decomposition.  Deliberate addition of small oxygen concentration to the 
inlet gas has showed no change in efficiency or lifetimes for O2 concentration < 10 
ppm.  Above 10 ppm, pronounced reduction in both efficiency and lifetimes resulted 
[Lorimor, 75].  Experimental evidence for a Si,O defect in GaP were found in 
[Bachrach, 72].  This defect was found to be a strong non-radiative recombination 
centre in n-type GaP crystals.  Since Si and O are common unintentional impurities 
in GaP, this defect may be an important factor in limiting the efficiency of GaP green 
LEDs.
It has also been found that oxygen incorporation during LPE growth into GaP 
is highest between 970oC and 1100oC.  Within this range the oxygen concentration 
reaches about 3´1017cm-3, while at temperatures less than 900oC or above 1100oC, 
the oxygen level in the grown crystals is about three times lower.  The solubility of 
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oxygen increases with increasing temperature but the distribution coefficient drops 
above 1100oC [Saul, 71].  This is another reason to conduct the growth at 
temperature below 900oC.
The addition of Ti and Zr as oxygen getters have also been investigated.  With 
the addition of Ti, low 1014cm-3 n-type GaAs was obtained for low pre-growth 
solution baking temperatures and ~1015cm-3 p-type for higher bake temperature 
[Shealy, 80].  It was measured electrochemically that the oxygen activity in Ga 
solutions, when Zr was added, reduced to a level nearly 4 orders of magnitude lower 
than that achieved by prolonged H2 baking [Stevenson, 80].  Thus, the stringent 
prebake requirement may be relaxed through the addition of these getters, although 
other effects such as introduction of deep levels must be investigated.
3.9 Melt Thickness
Most literature favors the use of thin melts (< 1 mm) as it can:
i. Improve layer quality by minimizing interface instability resulting from 
constitutional supercooling.
ii. Reduce tapers due to mass transport induced by thermal gradients.
iii. Increase deposition efficiency, the ratio of GaP deposited onto the substrate to 
that computed from the Ga-GaP liquidus curve.
iv. Reduce cost of material used for the growth.
v. Produce uniformly doped layers with planar and smooth surfaces.
For good doping control, the melt should be exposed to the ambient.  However, 
it has been found that exposed melts result in layers with annular depression of ~10 
mm near the perimeter of the wafer.  A compromise is to use porous covers.  Holes of 
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diameter larger than 20 mil in the cover result in a replication of the hole array on the 
LPE surface due to the melt level rising in the holes.  A closely packed array of 20 
mil holes which are tapered to roughly 80 mil in diameter at the top surface of the 
cover plate have shown to give optimum results in terms of uniformity and surface 
finishing [Saul, 73].  The melt container should be designed to be tapered so that the 
surface area is larger for greater exposure to the gas flows.
3.10 Reliability
Visible light-emitting diodes (LEDs) are now mass produced for pilot lamps, 
numeric display devices and other complicated devices as a result of improvement in 
their cost and performance.  Brightness is one of the most important LED 
performance measures.  It is known that the efficiency of GaP light emitting diodes 
gradually decreases with time under forward bias conditions.  The reliability of LEDs 
nowadays has improved to the extent that degradation lifetime of 105 hours at typical 
operating conditions have been achieved, which is sufficient for most applications.  
However, as the number of LEDs per display unit increase (to more than 500), the 
requirement for higher reliability diodes will become much more stringent.  
Reliability is normally gauged by accelerated testing where higher drive 
current density, higher temperature and, in cases where chemical contamination are 
expected, higher humidity may be applied to the units under test.  These may then be 
correlated to the actual operating conditions and lifetimes through data from past 
experience and fitting to exponential decay equations.
Degradation can be a result of:
· Increase in non-radiative recombination centers such as dislocation structures, 
showing up as appearance of dark line defect (DLD) in electroluminescence.  
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DLDs may be caused by mechanical stress (observed in GaP:N) [Iwamoto, 76], 
scratches, etc, showing up also as increase in space charge recombination current.  
The fact that dislocation density affects the EL efficiency is demonstrated in 
[Brantley, 75].
· Presence of deep level dopants such as Cu or Fe [Okuno, 73].  Both minority 
carrier lifetime and relative cathodoluminescent efficiency of undoped GaP were 
found to be deep-level controlled [Hamilton, 75].
· Decrease in radiative recombination centers
· Decrease of injection efficiency onto the p-side of the junction
· Increase in surface leakage or other losses
Several observations and explanations have been offered for the degradation 
behavior:
i. Diffusion of interstitial zinc (Znj) from p- to n-side, enhancing non-radiative 
recombination.  Znj is known to behave as a donor, which is positively charged 
in p-type material and therefore repelled from diffusing across the p-n junction 
due to the built-in electric field.  Under forward bias, the field is reduced and 
Znj can then diffuse into the n-region [Lohnert, 83].  In this case, the Zn-O 
emission at 680nm increased several times after degradation.  In another paper, 
it was also found that the degradation rate of the green emission corresponds to 
the rate at which Zn-O centers increased [Kaneko, 76].
ii. Surface corrosion induced by heat treatment of 200oC in vacuum or 
atmosphere, which causes high surface leakage current.  The degradation was 
measured by the ideality factor, n, in the typical diode characteristics equation.  
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It has been found that n recovers to its original value after etching in 
K3Fe(CN)6 at 60oC for 70sec, from a value of >2 [Toth, 81].
iii. High dislocation density, in the region of ~2-5x105 cm-2 can significantly 
reduce the EL efficiency [Brantley, 75].  This corresponds to an average 
dislocation separation of approximately 2-4 diffusion lengths in the GaP:N 
material investigated (L » 7 mm).  The EL is completely extinguished for 
dislocation densities approaching ~107 cm-2.  In [Kajimura, 75], a one to one 
correspondence was found between dark spots and dislocation pits.
iv. Reduction of minority carrier lifetimes, tn and tp, in LPE grown GaP:N 
materials and reduction of both t and effective nitrogen concentration in VPE 
grown GaP:N wafers [Albrecht, 83].  It has also been reported that only tn is 
reduced after high forward current stressing [Stringfellow, 75].
v. Increase in non-radiative centers (NRCs) in the dark region.  This conclusion 
was arrived at after elimination of other possible considerations [Schairer, 81].  
It was also found that degradation behavior does not depend on the initial 
brightness of the diodes.
vi. Copper contamination introduced purposely drastically increased the 
degradation of VPE grown diodes but scarcely affects LPE grown GaP diodes 
after 168 hours of forward bias operation.  This has been attributed to the 
higher crystal defect concentrations involved in VPE grown crystals, which 
may assist copper ions in movement when they move into the crystals.  Cu 
associated deep levels were detected by DLTS measurements [Yahata, 82].
vii. The p-type electrode formation process can influence the reliability of the 
diodes too.  It was found that diodes where sintering was done before photo 
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engraving degraded about twice as much as diodes which were photo engraved 
before sintering.  This was because crystal defects associated with Ga vacancy 
were formed during the sintering process, thus the first process caused defects 
to be spread all over the diode surface while the second process had defects 
beneath the electrode only.  It was also reported that prolonged etching after 
dicing or heat treatment in argon gas at 600oC for 1 hour leads to better 
reliability [Yahata, 83].
viii. New dislocations were formed in the vicinity of the p-n junction plane, after 
prolonged high forward current stressing.  This was observed through a 
transmission electron microscope [Petroff, 76].  More dislocation pits were also 
revealed through wet etching after degradation [Ikoma, 78].
ix. Degradation rate is related to donor concentration.  For red GaP LEDs, 
degradation is slower for diodes with Te concentration of about 5´1017 cm-3
[Isawa, 79].
x. GaP diodes that have additional Zn diffused near the surface degraded more as 
dislocation were introduced into the p+ layer after degradation [Torchinskaya, 
92].
Several conclusions can be drawn from these studies.  It can be seen that LPE 
grown GaP:N diodes have different degradation characteristics compared to VPE 
grown GaP:N diodes.  LPE grown wafers have more P vacancies while VPE grown 
wafers have more Ga vacancies.  This is because inherently the VPE environment is 
P rich while that for LPE is Ga rich.  LPE grown epitaxial layers are generally more 
robust compared to VPE wafers. Even when Cu contamination was introduced
purposely, little degradation was observed while VPE grown wafers degraded.  
Heavy metals such as copper and zinc play significant roles in the degradation.  
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Chemicals and sources used in the growth and fabrication process must be screened 
for such elements.  It is also generally acknowledged that defects, such as vacancies, 
foreign impurities and their complexes, move into the vicinity of the p-n junction to 
cause degradation.  Non-radiative recombination centres enhance the mobility of the 
defects. The epitaxial growth process should aim to minimize the formation of such 
defects and incorporation of foreign elements.
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CHAPTER 4 EPITAXIAL GROWTH
In this chapter, the reactor used for the LPE growth is described, including the 
gas delivery system and the graphite boat designed for GaP growth, with features to 
take care of the volatility of P.  The growth results on doping concentration, surface 
morphology and photoluminescence(PL) are presented.
4.1 LPE Reactor Setup 
The reactor system that is used in the present research is illustrated in Figure 8.  
It consists of a graphite linear sliding boat in a quartz tube with a quartz push rod and 
gas injection tube.  The furnace, from Thermo Inc., sits on a rail that allows it to be 
rolled in and out of the quartz tube.  The ambient gas in the reactor is normally 












Figure 8: Equipment setup for LPE growth
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4.2 Graphite Boat Design
It has been demonstrated that the design of the graphite boat used in LPE 
growth has great influence on the results [McCann, 94].  In order to achieve thin 
melts, good surface finish and doping control, a new graphite linear sliding boat was 
designed and sent for fabrication by Poco Graphite, Inc.  The CAD drawings for the 
new and previous graphite boats are given in Appendix B for reference. The essential 
features of the new graphite boat are:
i. The melt holders have two levels, a shallow region which opens up to a wider 
opening, as shown in Figure 9.  The previous boat design has only a single level 
well to contain the melt.  The new design allows both thin Ga melts and extra 
solid GaP and GaN to be placed above the melt, under the cap, so as to provide 
phosphorous and nitrogen over-pressures respectively during growth.  The bigger 
surface area also provides for better absorption of nitrogen from the ammonia gas 
that is passed over it during growth, which is essential for efficient radiative 
recombination. 
In other studies, phosphorous pressure may be provided by flowing phosphine 
gas through the reactor during growth [Nishizawa, 75,79,82].  This is not easily 
implemented, as phosphine gas is highly hazardous.  Use of phosphine gas
requires significant safety interlocks to be in place.  The importance of providing 
the phosphorous pressure with respect to preventing dissociation from the 
substrate has been discussed in section 3.3.
ii. The melt covers have tapered holes, as illustrated in the isometric drawing in  
Figure 10, which allow gaseous communications without leaving the imprint of 
the holes on the grown surfaces [Saul, 73].  This allows doping through vapor 
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phase, at the same time allowing better surface finish, as discussed in section 3.9. 
The previous melt covers are meant to be tight fitting and not allow the melt and 
the ambient gas to come into contact during growth.
iii. The spacing between the melts is designed to be the same as the width of the 
substrate.  After growth termination, the substrate can be moved under the melt 
holder so as to reduce thermal dissociation during the ramp down cycle, while the 
graphite boat is still at elevated temperature. The previous boat requires the wafer 
to be exposed to the ambient after growth. As shown in Figure 49 in Appendix B, 
the spacing between the melts are small, and thus the slider has to be pulled all 
the way out of the melt holder in order not to be under the Ga melts after growth 
completion.
iv. This boat also has four wafer slots so that up to four wafers may be grown at the 
same time.  This is especially useful during the characterization stage where the 
relationships between the mole fractions in the liquid and carrier concentrations 
of the actual wafers are to be obtained.  There are six melt holders, which allows 
up to six layers in each growth. The previous boat allows up to ten layers to be 
grown for three substrates.
v. The slider has been extended in length to allow the substrates to remain in the 
cooler zone of the furnace during the baking period.  This produced favorable 
results in the current work.  The substrates can be maintained at temperatures 
below 350oC while the melts are equilibrating at >900oC, thus preventing the 
substrates from losing the volatile P during the bake. The length of the previous 
slider meant that the substrate has to be in the same zone as the melts while in the 
equilibrating stage and suffers from the dissociation of P from the surface.
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Figure 9: Graphite slider with extended length for holding substrates and melt 
holder with larger opening area
An added advantage with the long slider is that when the cool substrate is 
pushed under the melt, it produces a high degree of supercooling as its temperature is 
significantly lower.  This may lead to faster nucleation rate, as in the transient mode 
growth described in section 3.1.4.
Figure 10: Isometric drawing for cover of melt holders, illustrating tapered 
holes
Cross-sectional view of melt cover
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Care has to be taken with the positioning of the substrate in this design as the 
volatile species from the reactor condenses onto the cool zone of the furnace during 
baking.  The substrates get contaminated if they are in the same zone.  The layers 
grown then tend to be patchy.  In the current setup, the optimal location is found to 
be when the furnace is pushed till it is 14cm from the edge of the loading hood, as 






Figure 11: Side view of LPE reactor, showing position of furnace during baking 
cycle
4.3 Gas Delivery System
Ammonia gas is needed to provide nitrogen doping for the GaP wafers to 
achieve the necessary efficiency.  A new gas pipe was added to the original LPE 
setup for this purpose.  A mixing chamber was used to obtain the correct 
concentration of ammonia in the carrier gas, hydrogen.  Flowmeters were added to 
the H2 and NH3 gas lines so that flow rates can be monitored.  Previously the system 
only allows flow rates to be estimated by counting the bubbles from the oil bottle at 
the exhaust.  The schematic drawing of the gas pipes is shown in Figure 12.
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The gas supplies, from National Oxygen, are of ultra-pure grade.  The 
hydrogen gas passes through a palladium filter, which ensures the purity of the 
hydrogen gas.  The ammonia gas supply is a mixture of 0.3% NH3 in H2.  Controlling 
the flow rate of each gas before entering the mixing chamber allows the ratio of NH3
to H2 in the reactor to be varied.  As discussed in section 3.5, the optimal ratio of 
NH3 to H2 should be around 0.1%.  The flow rate of H2 is thus set to three times that 
of NH3 to achieve this ratio.
The turbomolecular pump is used to pump down the reactor each time it is 
opened, to maintain cleanliness and to check that the system is leak-tight.  It is also 
used for vacuum baking the system.  This is usually done after runs involving NH3
gas, as the graphite boat appears to be coated with a white film after that, and 
subsequent growths usually result in poor surface morphology.
Figure 12: Schematics of gas delivery system for the LPE reactor
The details of the experimental procedures involved in the LPE processes such 






H   cylinder2












LPE GROWTH AND FABRICATION OF GAP GREEN LEDS page 49
4.4 Growth Results
4.4.1 (100) substrate growths
The initial growths were done on (100) oriented substrates as they are more easily available and will be more economical, if found 
to be feasible.  The results of these runs are summarized in Table 3. In the literature, all research used (111)-oriented substrates for the 
growth of GaP, although no reason was given.  It is indeed found to be not suitable for LPE growth of GaP, as the resulting growth is 
generally full of pits/defects. These (100) substrate runs are treated as “learning” runs.




























Surface finish Carrier 
concentration
(cm-3)
1/1 2 30.4 2.4 900/4 899 <1 A 0.3 30 1oC/2 sec bad, pits -
2/1 3 43.9 3.1 900/4 897 13.46 B 3 30 2oC/2 sec bad, pits -
2/2 3 40.9 4.1 943/4 897 14.08 B 3 30 2oC/2 sec bad, pits -
3/1 3 42.2 4.6 943/3 897.2 9.73 B 2 45 2oC/2 sec bad, pits 2´1017
3/2 3 40.7 2.3 943/3 897.2 5.50 B 2 45 2oC/2 sec bad, pits 1´1017
3/3 3 46.7 0 943/3 897.2 1.50 B 2 45 2oC/2 sec bad, pits 3´1016
4/1 2 31.5 -2.7 967/3 898.1 - A 3 33 2oC/5 sec bad, pits -
4/2 2 31.9 -4.4 967/3 898.1 - A 3 33 2oC/5 sec bad, pits -
5 Evaluation run  - to test if temperature is the cause of the pits
6/1 2 39.1 0 984/0.7 895.6 B 3 30 5oC/5 sec good, less pits -
6/2 2 30.4 -2.9 984/0.7 895.6 15 B 3 30 5oC/5 sec good, less pits -3.3´1018 
6/3 2 35.5 -3.1 984/0.7 895.6 10 B 3 30 5oC/5 sec good, less pits -4´1018 
Note:
Cleaning procedure A(done in COE) : TCE(ultrasonic) 15 min, methanol rinse, DI rinse, blow dry, HCl 50oC 1 min, DI rinse, “W” etch 10 sec, DI 
rinse, HF dip, DI rinse, blow dry, IPA rinse, keep in IPA.  “W” etch is a mixture of HCl, HNO3 and H2O in the ratio of 1:1:100.
Cleaning procedure B(done in Agilent) : Nophenol 922(a resist stripper) 30 min, propanol 5 min, quench rinse 5 min, propanol 10 min, vapor dryer 
10 min, “W” etch 10 sec, quench rinse 5 min, quench rinse 5 min, blow dry, bring to COE, HF dip, DI rinse, keep in IPA.
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The following are observations made/lessons learnt for the growths on the 
(100) oriented substrates:
i. The mass of GaP to be added to the Ga melt was calculated as follows:
From the phase diagram of GaP in Figure 13, atomic percent of P for saturation 
at 900oC is ~0.8%.  Also, the molecular weight of Ga is 69.72g, while that of P 
is 30.974g.  Hence mass of GaP needed to saturate each g of Ga is
1
69.72 ´ (30.974 + 69.72) ´ 0.8% = 11.6 mg.
Thus for melts with 2 g of Ga, 23.2 mg of GaP would be needed for saturation, 
and 34.8 mg would be needed for melts with 3 g of Ga. It was also found that 
adding more GaP source typically does not cause any issue to the growth 
process.
Figure 13: Phase diagram for the Ga-P system, with data from various sources 
[Astles,90]
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ii. Wafers must be cut exactly to the size of the slots in the slider.  Wafers that are 
too big can get stuck when moving the slider.  Wafers that are too small will 
allow Ga to be trapped in between the substrate and the slot, and get smeared 
during sliding.  This can be achieved by sawing the substrates, setting the 
sawing step distance to the required separation.  The substrates used for 
subsequent growths are sawn exactly to the required size.
iii. The temperature ramp down rate should be at least 3oC/min, otherwise the 
growth rate is too slow.  The growth rate at 900oC for a ramp of 3oC/min is 
about 0.43 mm/min. In order to grow layer thicknesses in the range of 30 to 
45mm(which is the desired structure discussed in section 3.7), growth should in 
initiated at a temperature of more than 900oC with a ramp rate of at least 
3oC/min for a high growth rate, so that when the growth is terminated, the 
temperature is still high enough to provide a clean wipe-off.
iv. Two cleaning procedures (A and B) were evaluated in these runs.  Procedure A 
is done in the laboratory where the LPE apparatus is located, while procedure is 
mostly done in Agilent, with a final HF dip in the laboratory.  Cleaning 
procedure B is preferred as the clean can be done in proper dip tanks and 
quench rinse baths.  Cleaning procedure A is done with beakers in a laboratory 
environment where the DI water pressure is low also.  Cleaning is not as 
effective.  The importance of substrate preparation is paramount in the 
fabrication of semiconductor epitaxial structures [Rozgonyi,72]. Thus 
procedure B was adopted for subsequent growths. 
v. Originally there was  a 50oC HCl dip for 1 min in pre-clean procedure A, 
commonly used for GaAs substrates to remove oxide from the surface.  It was 
found that this clean roughens the GaP wafers, resulting in haze formation on 
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the wafers. It is not recommended for GaP substrates. The HF dip is sufficient 
to remove any oxidized surface effectively. 
vi. In the initial runs, the timing of the dip in the “W” etch, a semiconductor 
etchant, started from 2 min, and was later reduced to 10 sec, as etch pits were 
seen after the etch, if the time is longer than 30 sec. 
vii. Growths with 2 g of Ga gave better surface finishing than those with 3 g of Ga, 
as the melt is thinner. Subsequently, further growths were made using 1 g of 
Ga, which resulted in even better surface finish and has the advantage of 
preventing constitutional supercooling, as discussed in section 3.8.
viii. The boat has to be in a horizontal position so that the Ga will spread over the 
entire well and not tilt to one side.
ix. If Ga is smeared onto the wafer after growth, it will be difficult to clean.  The 
only possible method is to try to remove the smeared Ga by scrubbing the 
wafer surface with a hot solution, IPA being a good choice as it evaporates fast 
and leaves little stain.  This will still leave behind some Ga.
x. GaP substrates dissociate significantly at the growth/baking temperature.  Run 
5, where the substrates went through just the baking cycle without the growth, 
shows that baking cycle caused pits to form on the substrates.  This shows the 
need to protect the substrate before growth starts. Run 6, where a more severe 
melt-back condition is used to etch the substrates prior to growth, produced 
significantly better surface finishing than the other runs. However, the density 
of defects like pits and cusps is still high compared to subsequent runs made 
with (111) substrates.
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Owing to the level of the defect density on the (100) substrates, the rest of the 
work in this research were done with (111) oriented substrates.
4.4.2 (111) substrate growths
4.4.2.1 Doping concentration
In this work, all doping concentration measurements were made using a Bio-
Rad electrochemical profiler (ECV for short).  This instrument measures the 
capacitance-voltage characteristics of a sample and derives the carrier concentration 
from the data.  It can also etch the sample under test at the same time, to allow 
profiling of carrier concentration with depth.
These series of growths were all done with 900oC as the growth initiation 
temperature, and a ramp rate of 3oC/min. Baking was done at 950oC for 3 hours.
Tellurium (Te) was the first n-type dopant attempted to achieve the designed 
doping concentration of ~1016 to low 1017cm-3.  However, its distribution coefficient 
was found to be too high for the present system.  With any small measurable mass of 
Te, the mole fraction of the Te in one gram of Ga would result in a carrier 
concentration of more than 5×1018cm-3.  Melts doped with polycrystalline GaP and a 
small amount of Te (less than 1 mg) that is not measurable by the available weighing 
balance results in carrier concentration of more than 1018 cm-3, which is greater than 
the targeted amount. If Te were to be used in the current setup, the amount of Ga 
used will have to be larger than 3g, which will compromise the surface finishing. 
This result is plotted in Figure 14.  The doping concentrations obtained were 
comparable to those published in the literature [Jordan, 73], except in the higher Te 
mole fraction range. This is most likely due to dopant lost during the baking stage, 
prior to the growth. The high Te mole fraction run was the first run made in this 
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series, where the tight fitting cap was not in place during the pre-growth baking 
process. 
Figure 14: Plot of carrier concentration versus mole fraction of Te in melt.  
Published results are from [Jordan, 73]. All growths are at 900oC, 
with a ramp rate of 3oC/min.
Following the trial on Te, sulphur(S)-doped GaP single crystals (with a doping 
concentration of 7´1017 cm-3) were used to saturate the melt and dope the epitaxial 
layer instead.  The resultant doping concentration is within the desired range, 
normally about 2´1017cm-3.  The amount of S is limited by the quantity of GaP single 
crystal material used to saturate the melt, and the variation in this is relatively small. 
Adding more of the S-doped GaP will not increase the sulphur concentration as the 
solution is already fully saturated at the given temperature and cannot dissolve more 
GaP. The variation in the S concentration was measured to be within 20% of the 
2´1017cm-3, which is within the measuring repeatability of the ECV. All growths 
made using S doped GaP single crystals met the desired n-type doping concentration 
range of 1 – 3 ´1017cm-3.
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Zn was chosen as the p-dopant, as it is widely used in the literature 
{[Gershenzon,66], [Ivashchenko,74], [Nedeoglo,76], [Neumann,79]}.  It is available 
in high purity (99.9999%) and readily dissolves in Ga.  However it does sublime 
easily and may be difficult to control, as it can be lost to the ambient during the 
baking period.  This is likely the reason for the slight anomaly observed for the 
doping concentration measured in the grown layers at the Zn mole fraction of 50 ´
10-4, which is illustrated in Figure 15, and also the cause of the experimental results 
being lower than the published results in general.  It was found necessary to keep the 
baking cycle consistent and to cap the melt for more repeatable results. The targeted 
doping concentration of 5 – 10 ´1017cm-3 can be met by a Zn mole fraction of around 
3×10-3 in the melt.
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Figure 15: Plot of carrier concentration versus mole fraction of Zn in melt.  
Published results are from [Jordan,71]. All growths are at 900oC, 
with a ramp rate of 3oC/min.
4.4.2.2 Surface finishing
The next series of growths was done to determine how substrate preparation 
and conditions of baking the substrates before growth affect the surface finishing of 
EPITAXIAL GROWTH
LPE GROWTH AND FABRICATION OF GAP GREEN LEDS page 56
the grown wafers.  These series of growths were again done with 900oC as the 
growth initiation temperature, and a ramp rate of 3oC/min. Baking was done at 950oC 
for 3 hours.
The two-factor experiment parameters are tabulated in Table 4.  The factors are 
described as follows:
i. Two types of substrates were used: one with a lapped surface, another with an 
etched surface.  The etchant used was a solution of potassium ferricyanide in 
potassium hydroxide.
ii. The baking was done with the substrate either exposed to the H2 ambient or 
covered under the graphite boat.
In the experiment, four wafers were grown in the same run, with two of them 
having etched surfaces and the other two, lapped surfaces.  One etched substrate and 
one lapped surface substrate were under the graphite boat during the baking while the 
other two were exposed to the ambient.  The experiment was also repeated to test for 
consistency.
The results showed that both types of surface preparation could result in mirror 
finishing in the grown wafer.  However, substrates baked under the graphite boat 
generally resulted in wafers of good surface, as shown in 
Figure 16.  There were many instances where the layers grown consisted of 
patchy “islands” or pits when the substrates were exposed to the ambient during 
baking as shown in Figure 17.  The gallium solvent was also more likely to be 
carried over by the substrates and smear the surface when the substrates were 
degraded. This applies to both exposed and covered substrates during baking.
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Table 4: Experimental conditions to evaluate factors for surface finishing
Baking condition Surface preparation Result
Exposed Polished pits/island growth
Exposed Lapped pits/island growth
Covered Polished mirror finish
Covered Lapped mirror finish
Figure 16: Wafer with good surface finish, which was covered under graphite 
boat during baking, Typical LPE ripple pattern is seen. This was 
grown at 900oC, with a ramp rate of 3oC/min.
EPITAXIAL GROWTH
LPE GROWTH AND FABRICATION OF GAP GREEN LEDS page 58
Figure 17: Wafer which was exposed during baking, resulting in poor surface 
finish, poor nucleation and pits. . This was grown in the same run as 
the wafer in Figure 16.
The group V component, P, is likely to have dissociated from the GaP 
substrates when the baking was done with the substrates exposed.  Baking under the 
graphite boat helps in containing the P atoms in a partially enclosed environment, 
resulting in a P rich ambient, which reduces further outgasing of the P component.
Energy Dispersive X-Ray (EDX) analysis was done to confirm the depletion of 
P at the surface of the degraded wafer.  Figure 18 shows the result on a pitted region 
within a degraded wafer.  Figure 19 is done on the same wafer, in a region where 
there is no pit, while Figure 20 is for a wafer that is protected under the graphite boat 
during the baking cycle.
A tabulation of the results, with the theoretical atomic mass percentages is 
shown in Table 5.  There is a significant amount of carbon (C) detected in all the 
samples, which is likely to be from the graphite slider.  The atomic percentage is 
high as the atomic mass of C is much lower than that of Ga or P.  The EDX results 
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indicate a depletion of phosphorus in the pitted region, as can be seen from the 
atomic ratio of P to GaP in the samples in table 5.  The atomic ratio of P is lowest in 
the area with pits, while the atomic ratio on the sample that has good surface finish is 
essentially the same as that of the calculated value.  In a region without pits on the 
degraded sample, the atomic ratio is slightly less than the theoretical value, showing 
that there is a small amount of  P that has dissociated from the GaP crystal.
Table 5: Comparison of EDX results of different wafers and theoretical
atomic mass ratio
Atomic ratio in 
pitted region on 
degraded wafer
Atomic ratio in 
clear region on 
degraded wafer
Atomic ratio in 




Carbon(C) 86.82% 77.05% 73.07% 12.01g
Gallium(Ga) 9.91% 16.21% 18.70% 69.72g
Phosphorus(P) 3.27% 6.74% 8.23% 30.97g
atomic % / 
mass of GaP
13.18% 22.95% 26.93% 100.69g
Calculated 
atomic ratio of 
P in GaP
24.81% 29.38% 30.56% 30.76%
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Figure 18: EDX result in area with pits on degraded wafer
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Figure 19: EDX result in region without pits on degraded wafer
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Figure 20: EDX result of wafer that was protected from degradation by
covering the substrate under the graphite during baking
Different schemes of protecting the substrates were then evaluated:
i. The first and most easily implemented approach was to cover the substrates 
under the graphite boat, as discussed above.  To confirm the effectiveness of 
keeping the substrate under the graphite boat, one run was made with a substrate 
partly covered under the boat and partly exposed during baking.  The exposed 
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portion was full of defects after growth, while the covered half produced mirror 
finishing, confirming the effectiveness.
ii. Another approach attempted was to cover the GaP substrate to be grown with 
another sacrificial substrate.  As the slider is pushed under the melt, the cover 
piece should drop off.  However, at the high temperature of baking (>900oC), the 
two substrates fused together, which would then not allow the substrate to move 
under the melt.  The surface of the GaP wafers is likely to be Ga rich after P 
dissociation and Ga migration, which allows the two substrates to fuse.  This may 
be used for wafer bonding in other research.
iii. A third way, made possible by the long slider used in the new graphite boat, was 
to keep the substrates away from the hot zone of the furnace during the baking 
period.  The slider with extended length allows the substrates to be kept in the 
cooler zone of the system.  The temperature of the substrates can be kept to be 
below 400oC while the melt is equilibrating at 950oC.
Both scheme i and scheme iii worked well in reducing the dissociation of 
phosphorus from the GaP substrate during the baking period and produced wafers of 
good surface finishing.
4.4.2.3 Effect of growth temperature on luminescence
The next series of growths were done to determine the effect of temperature on 
luminescence efficiency. Growths were carried out at four different temperatures: 
855oC, 870oC, 900oC and 950oC.  In each of the runs, 2 wafers were grown 
simultaneously.  One was in a melt with excess GaP polycrystal placed in the well 
above the Ga melt.  The other melt is saturated with the calculated amount of GaP 
crystals, without the excess crystals.
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A typical PL plot is shown in Figure 21.  There is no significant difference in 
the PL between the samples grown at different temperature in the range investigated.  
There is also no significant difference between those with and without excess GaP 
polycrystal added to the well.  The only obvious effect is that at a lower temperature, 
Ga wipe-off tends to be more incomplete.  When that happens, the high surface 
defect density would cause PL intensity to be much lower. This is in line with the 
smaller wetting angle of Ga on GaP at lower temperature as observed in [Berg,73]. 
Within the range of temperature investigated, the luminescence of the epi layers is 
not dependent on the temperature. 
Figure 21: Photoluminescence spectra of commercial and COE grown samples, 
done at 900oC, NH3 flow rate of 16l/hr, H2 flow rate of 40l/hr and 
ramp rate of 3oC/min.
4.4.2.4 Nitrogen doping
Two ways of introducing nitrogen doping into the LPE layers were explored:
i. Adding GaN powder directly into the melt
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ii. Flowing NH3 gas into the reactor during the baking and growth period
Both methods can result in an excessive nitrogen doping, to the extend that 
dendrites growth are experienced, as illustrated in Figure 22, when the dopant added 
is too much.  It has been found that GaN powder cannot be added directly into the Ga 
melt as it caused precipitation in the melt, resulting in pits appearing on the grown 
layers.  It can only be placed onto the upper level of the melt holder, above the melt.  
This is due to the low solubility of GaN and the small quantity of Ga used(<1.5g).  
Any small, immeasurable amount sprinkled on top of the melt results in imperfect 
growth, as GaN is denser than Ga and will deposit onto the substrates.  Results in 
[Gillessen, 77] showed that GaN in excess of 2´10-3 mole% caused excessive GaN 
precipitation and void formation in the GaP ingots.  This translates to not more than 
2mg of GaN in 1.5g of Ga, making it an impractical amount to measure, with the 
weighing scale available.  
Figure 22: Optical photograph at magnification of 400x, showing dendrite 
growth resulting from excessive nitrogen doping
Flowing NH3 alone can also result in too much nitrogen.  The Ga melt becomes 
coated with a grey layer at the surface.  Excess nitrogen that cannot dissolve will 
then deposit as particles onto the substrates during growth, causing pits and patchy 
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growth.  It was reported in the literature [Logan,71], discussed in section 3.5.1, that 
the ratio of NH3 to H2 must be below about 0.1% to prevent this from happening.  
This is in agreement with the following results, where the NH3 flow rate was varied 
to obtain samples with different photoluminescence intensities and surface finishing.
The nitrogen concentration in the layers was varied by changing the ammonia 
flow rate. Keeping the H2 flow rate at 40 l/hr, the NH3 flow rate was varied. Three 
runs were made with NH3 flow rates of 8, 16 and 20 l/hr. This translates to a NH3 to 
H2 ratio of 0.06%, 0.12% and 0.15% respectively, as the NH3 cylinder itself contains 
a mixture of 0.3% NH3 in H2. The results are shown in Figure 23, where the PL 
spectra of the three samples have been compared. It was observed that the maximum 
PL intensity was achieved with an ammonia flow rate of 16 l/hr. For the sample with 
8 l/hr ammonia flow rate, the concentration of N incorporated into the lattice is low, 
as can be seen from the PL spectrum. For higher flow rates, the PL intensity 
decreased as a result of GaN precipitates. 
Figure 23: Comparison of PL spectra of wafers grown at different NH3 flow 
rates. The H2 flow rate is fixed at 40l/hr.
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The relative intensities of the integrated PL spectra is shown in Figure 24.
Figure 24: Variation of integrated PL intensity with ammonia flow rate. The H2
flow rate is fixed at 40l/hr
The surface morphology of the samples were smooth except for the sample 
with NH3 flow rate of 20 l/hr, where GaN precipitates caused pits to appear. The N 
concentrations in the three samples, as calculated from the equation in section 3.5.2, 
are shown in table 6. The results show that for the current setup, the optimal NH3 
flow rate is 16l/hr for maximum N concentration.
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8 0.06 1.16´10-4 1.10´10-5 10.545 8.5´1017
16 0.12 6.26´10-4 1.00´10-5 62.600 2.1´1018
20 0.15 2.85´10-4 7.00´10-6 40.714 1.7´1017
In the growths with nitrogen doping, the PL peaks attributed to N and its 
complexes are still substantially lower than the commercial sample, as shown in 
Figure 21.  At NH3 to H2 ratio of <0.1%, the PL peaks attributed to N increased with 
higher NH3 concentration.  The nitrogen PL peaks provide a good indication of the 
optical intensity obtainable from the LED.  A low PL peak is evidence that the 
nitrogen concentration is not optimized or there are growth related defects, which act 
as non-radiative recombination centers.  More fine-tuning on the various growth 
parameters is needed to optimize the nitrogen concentration without introducing 
growth defects.  
4.4.2.5 Single layer multi-slice growth
The optimal GaP:N green structure would be one where the nitrogen doping is 
only present in the junction region, so that light generated will not be absorbed.  The 
proposed structure in section 3.7 requires the surface layer not to be doped with 
nitrogen.  In order to achieve this, and to ensure that the doping concentration of the 
layers is not affected by over-compensation from the different melts, runs were made 
where each time only one layer was grown.  At the same time, growing four wafers 
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in each run tested the multi-slice capability of the graphite boat.  This also increased 
the probability of obtaining wafers with good surface finish.
In such runs, all the melts were saturated with the same source.  After growth, 
the wafers were removed from the boat, and a new batch of Ga replaced for the next 
growth.  The following growth was carried out without subjecting the wafers to any 
chemical clean.  Every run was preceded by a melt-back.
Inevitably, there were issues with contamination and/or oxidation of the wafer 
surface in between the growths.  Care had to be taken in handling the wafers properly 
to prevent any growth defects.  Also, growths after ammonia gas has flowed through 
the reactor typically resulted in pits or poor nucleation.  The reactor had to be baked 
in vacuum for more than three hours to remove the ammonia-induced particulate 
before the next run.
In summary, a new graphite boat has been designed and tested out in this work.  
The design allows for the use of GaP polycrystal for P overpressure during growth, 
protects the substrate from high temperature by keeping the substrate in a cool zone 
of the furnace before growth starts and under the graphite boat on termination of 
growth, allows ammonia gas to contact the melt for nitrogen doping and enables 
simultaneous growth on multiple wafers.  It has been verified in the growths that 
(100) substrate is not suitable for GaP LEDs wafers, growth temperature from 855oC 
to 950oC does not affect the luminescence results, and that overdosing of nitrogen 
results in dendrite growths.  The relative proportion of ammonia gas to the carrier 
hydrogen gas can be no more than 0.15% in order not to disturb the growth. A Zn 
mole fraction of 3´10-3 is needed to achieve the p type doping concentration, while 
S-doped GaP single crystals (with a doping concentration of 7´1017 cm-3) can be 
used to dope the n layers to the required carrier concentration.  The substrates can be 
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lapped or polished to achieve the desired growth morphology, but thermal 
degradation of the substrate results in P dissociation from the substrate and affects 
the surface morphology.  This can be prevented by keeping the substrate in a cool 
zone of the furnace or covered under the graphite boat before growth. The objective 
of investigating the parameters crucial to the growth of GaP has been met.
Due to the time constraint of the master project and the length of time needed 
for the epitaxial growth, the device fabrication process development was done on 
GaP substrates and commercial wafers in parallel to the growth development, to 
speed up the progress. The process is presented in the following chapter.
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CHAPTER 5 DEVICE FABRICATION
It is necessary to fabricate the GaP wafers grown into LEDs so that the wafer
can be tested both electrically and optically.  It would be beneficial to be able to 
make these tests at wafer level, instead of after dicing the wafers.  This is important 
as it can reduce the time needed to know the quality of the epitaxial growth.  
Commercially, it reduces the costs of production by rejecting out-of-specification 
material early in the manufacturing cycle and reduces the level of inventory.  
5.1 A New Fabrication Process
The fabrication of a LED that has its p-n junction already epitaxially grown is 
basically deposition and definition of the p and n metal contacts.  In order to allow 
wafer level testing, the diodes would also have to be isolated from one another.  The 
conventional process of having a wafer level testable LED will need at least two 
masking steps so that the top contact mask can be aligned to the isolation mask 
[Williams, 90].  A new process flow, which allows a wafer level testable LED with 
similar structure to the conventional LED to be fabricated using only one masking 
step, is investigated in this work.  The fabrication process is investigated using 
commercial epi wafers to shorten the research time needed.  
As shown in Figure 25, the conventional process flow requires one masking 
step after metal deposition to define the contact area, and a second masking step to 
etch an isolation channel.  Thinning the substrate and depositing the backcontact 
metal complete the LED structure.  
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The new process flow is described in Figure 26.  The details of the new process 




















Cross-sectional view Top view
(i) Epi wafer grown
(ii) Metal deposited
(iv) Metal wet etched
(iii) Metal mask
patterned
Figure 25: Conventional process flow for LED wafer with isolated channel
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Cross-sectional view Top view
Figure 25(continued): Conventional process flow for LED wafer with isolated 
channel 
DEVICE FABRICATION




















(i) Epi wafer grown
(ii) Metal deposited
Cross-sectional view Top view
(iii) Metal mask patterned
(iv) Resist hardbaked
Figure 26: New process flow for LED wafer with isolated channel
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(v) Resist, metal and
isolation channel
etched in RIE




Cross-sectional view Top view
Figure 26(continued): New process flow for LED wafer with isolated channel
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5.1.1 Top contact metallization
The metallization scheme used for the top contact is a three layer sputtered 
system of gold-zinc (AuZn), titanium-tungsten-nitride (TiW:N) and aluminum (Al), 
which can be sputtered sequentially in a single step, without breaking vacuum.  The 
AuZn layer provides the ohmic contact, the TiW:N layer acts as a barrier between 
AuZn and Al, while Al is favored for wirebonding.  Alternatively the Al layer could 
be evaporated, after the first two layers have been sputtered.  This is a metallization 
scheme that is already in use commercially by LED manufacturers such as Agilent or 
Lumileds Lighting.  The AuZn and Al layers need to separated by the barrier layer as 
they react over time and can form voids in the AuZn layer and eventually result in 
the AuZn layer lifting off the wafer surface.
5.1.2 Masking
Following the metal deposition, a photolithography process is used to define 
the light emission area.  Photoresist is used to cover the area where light is to be 
emitted while exposing the regions that isolate the LEDs.  AZP4620 positive resist is 
used for this process.  
The wafer is then hardbaked at 250oC to reflow the resist.  This creates a 
hemispherical cross-sectional profile of the resist, as illustrated in Figure 28.  A 
surface profiler made by Tencor, the alpha step 500, is used to measure the profile of 
the resist.  The resist thickness is controlled by the spin speed, while the temperature 
and time of baking control the profile of the resist after baking.  The top view of the 
wafer at this stage is shown in Figure 27.
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Figure 27: Top view of wafer after reflow of resist
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5.1.3 Reactive Ion Etching:
The wafer is then etched anisotropically in a reactive ion etcher, using a 
chlorine (Cl2) based plasma.  During the etch, the isolation channel is etched first as 
it is exposed.  All three layers of metal will be etched, followed by the GaP material.
At the same time, the resist covering the light emission region is being etched 
by the plasma.  The areas with thinner resist have the underlying metal exposed first.  
Owing to the sloping profile created by the reflow process, the area covered by 
photoresist will shrink.  The metal below the resist then prevents the semiconductor 
in the light emitting area from being etched.
The etching can stop when the p-layer in the scribe channel has been etched.  
The etch times must be designed such that at this juncture the resist area has shrunk 
to the size of the desired bondpad.  The top view of the wafer at this stage is shown 
in Figure 29.  The bondpad is defined by the remaining resist, which is self-aligned 
to the light emission area. The metal layers are also etched during the RIE process, 
but as can be seen from Table 6, the etch rates are slow in this plasma chemistry. 
Any metal that is sputter-etched may get deposited onto the sidewalls of the 
semiconductor materials and short the p-n junction. Thus, the wet etch process which 
follows this dry RIE etch, serves both to define the bondpad and to remove any un-
wanted deposition.
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Resist on top 
of metal
Figure 29: Top view of wafer after completion of RIE
5.1.4 Wet etch
The wafers are then removed from the RIE and sent through a wet etching 
process, which removes any remaining Al, TiW:N and AuZn which are not covered 
by the remaining resist, and any deposition during the RIE.  A mixture of phosphoric 
acid, ammonium fluoride and de-ionized water in the ratio of 1:1:1 is used to etch the 
Al, while TiW:N is etched by hydrogen peroxide, and AuZn is etched by a 
commercial premix of iodine and potassium iodide, known as C35.
A surface profile of the device at this stage is shown in Figure 30.  The 
hemispherical shape of the resist is still evident, but the length has shrunk compared 
to that before the RIE etch.
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Figure 30: Surface profile of wafer, after RIE etch, before stripping of resist 
Following that the remaining resist can be stripped, by a wet resist stripper.  
The RIE process can potentially be improved to eliminate this wet etching step by 
incorporating a plasma etch which removes the metal and resist but does not etch the 
semiconductor, after the isolation channel etch has been completed.
At this stage the top contact metal is defined, and can be tested for optical and 
electrical characteristics.  The top view is shown in Figure 31
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Figure 31: Top view of wafer after stripping resist, with bondpad defined
5.1.5 Backetch/Backcontact
To complete the fabrication process, the wafers will then be thinned down to 
the required thickness by lapping or etching.  A backcontact metal, such as AuGeAu, 
is then coated by evaporation.  
The critical parameters in this process flow are the etch rates (in the RIE) and 
the thicknesses of the various metal layers, the resist used and p-type GaP.  These 
need to be controlled so that the size of the bondpad is at the correct value when the 
isolation trenches are at the required depth.
5.2 Etch rates
The etch rates of the various layers are adjusted by tuning the plasma etching 
conditions (power, pressure, temperature and ratio of the etch gases, Cl2 and SiCl4) in 
the reactive ion etching process.  In the current work, the plasma conditions applied 
were a DC bias of 450V(corresponding to a RF power of about 130W), etch pressure 
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of 10mT, electrode temperature of 40oC, Cl2 flow rate of 20sccm and SiCl4 flow rate 
of 8sccm.  The etch rates of the various materials are listed in Table 5.  
Table 7: Etch rates of different materials in RIE
Material Etch rate(Å/min)
Thickness to be 
etched
Time needed for 
complete etch(hr)
GaP 1700 25mm 2.4
AuZn 175 4kÅ 0.4
TiW:N 450 3kÅ 0.1
Al 350 30kÅ 1.4
Resist 330 5mm 2.5
In this case, the resist etch time must be slightly longer than the GaP material 
etch time as the resist is required to prevent the metal layers from being completely 
etched. The etch times for both the GaP material and the resist seem relatively long, 
compared to other etch process such as Inductively Coupled Plasma (ICP) etching. 
However, the RIE used allows batch processing of up to 14 wafers per etch run, thus 
the throughput of the RIE process is about 11 min per wafer, which is more than 
adequate in meeting the required demand in volume. The cost of a RIE machine is 
also much lower than that of a ICP, typically at least 50% lower.
Once the resist has been etched to the desired bondpad size, the plasma etch 
should be stopped and the remaining metal should be etched using wet chemicals.  
The plasma etch could be further optimized such that the metal layers are completely 
etched by then, thus eliminating the wet etching process, which further simplifies the 
flow.  With the current etch rates, the wafers were removed from the plasma etch 
after 2½hr and etched using wet chemicals, followed by wet resist strip.
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5.3 Optical/Electrical Characterization
The LEDs fabricated can then be measured for optical and electrical 
characteristics.  A typical IV plot and a room temperature electroluminescence plot 
are shown in Figure 32 and Figure 33, respectively.  Generally the diode turn on 
voltage (at 5mA) is around 1.8V, while the reverse breakdown measured at 10mA is 
less than -10V.  The room temperature peak wavelength is between 565 to 576nm 
and the brightness of the diode is normally greater than 1000mcd.  
On a wafer that is split into two halves, with one half processed using the new 
flow and the other half processed with the usual two masking step flow, the 
characteristics of the two halves were identical, with similar optical intensity, 
forward and reverse voltages, as shown in Figure 32. It is concluded that the new 
process flow, with a self-aligning mask, is able to produce devices with identical 



















Figure 32: I-V characteristics of GaP:N LED fabricated using conventional and 
new process flows
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Figure 33: Electroluminescence plot of a LPE grown GaP:N LED 
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CHAPTER 6 CONCLUSION AND
RECOMMENDATION
In conclusion, the critical parameters for LPE growth of GaP have been 
investigated.  Owing to the high vapor pressure of phosphorus, temperature was one 
of the first parameters investigated.  The substrates have to be protected from thermal 
dissociation before the growth starts.  The other important factor is the incorporation 
of nitrogen into the grown layers.  The ammonia flow rate into the reactor has to be 
well controlled for the optimal level to be incorporated into the wafers, and yet do 
not result in growth defects.  At a NH3 to H2 ratio of <0.12%, the PL peaks attributed 
to nitrogen increased as the NH3 concentration is increased.  The solubility limit of 
nitrogen in gallium limits the ratio of NH3 to the ambient H2 gas in the reactor to not 
more than 0.15%; otherwise particulates will form in the gallium solution and result 
in dendrite growth.  The actual nitrogen level incorporated is inferred using low 
temperature PL measurement techniques to be around 2.1×1018 cm-3. 
A novel LED fabrication process has also been evaluated.  The process makes 
use of a shrinking resist mask to define both the light emission area and the self-
aligning metal contact.  The process is simple and has good potential to be 
implemented in a high volume manufacturing environment.  It allows the LPE grown 
device to be fabricated and tested within a shorter time.
The following are recommended to improve the LPE system:
i. The LPE setup should be automated for more reproducible results.  A stepper 
motor could be used for the substrate movement.
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ii. Gas flow controls need to be more precise.  Mass flow controllers are necessary 
to accurately measure the amount of quantity and proportion of gas input, 
especially ammonia, to the reactor.
iii. The DI water filtration system for the cleaning of equipment and substrates could 
be improved.  The current flow is slow and water pressure is too low.  It has been
noticed that wafers pre-cleaned in the Agilent facility tend to have better surface 
finish than those cleaned in the laboratory.
iv. Re-design of the reactor such that the substrate can be in a cooler zone.  This may 
be done by lengthening the quartz tube to allow the substrates to be out of the 
furnace during the baking period.  It would also be better to have the substrate 
situated in the upstream of the gas flow.  The current setup allows contaminants 
from the graphite boat to be carried by the ambient gas to the substrate.
v. An additional hydrogen detector should be placed in the glove box, to detect any 
leak into the loading hood.
Some areas which merit future research are:
i. Alternative nitrogen sources should be investigated.  This could be N species 
from a plasma source or from an organo-metallic source such as 
dimethylhydrazine (DMHy).  It would be interesting to see if such sources of 
nitrogen would enable better-controlled incorporation or provide higher level 
doping for more efficient light emission.
ii. Vapor sources both for doping and providing P overpressure could also be 
studied.  Similar studies {[Nishizawa,79], [Nishizawa,82], [Novotny,83]} have 
indicated that LPE layers grown at an optimal PH3 or As pressure have fewer 
defects.  It may also allow growth at lower temperature, as the melt can be 
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saturated from the gaseous phase.  Use of organo-metallic sources would require 
substantial safety features such as gas detection alarms to be implemented.
iii. The device fabrication process can be further improved, to complete the etch and 
resist stripping process in the same plasma etching step.  This would require 
more elaborate optimization and understanding of the etching process.  
iv. Device structures which improve light extraction, such as hemispherical LEDs 
[Bachrach,73], should be investigated to for maximizing the external quantum 
efficiency.
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APPENDIX A: MULTI-SLICE LPE SYSTEMS
A review is carried out on published multi-slice LPE systems, with potential 
future application of the lessons learnt in the current work in mind.  Commercial 
systems used by wafer suppliers are normally not published as they provide 
competitive advantage to the companies.  There have been several papers published 
on the subject of carrying out LPE growth on many substrates simultaneously, with 
the aim of increasing the output of wafers in each growth run.  These are discussed in 
the following sections.  
Economic considerations of a commercial LPE technology requires small 
quantities of starting materials, short throughput time, which is equivalent to large 
production capacity, and smooth surface morphology to meet the requirements of 
subsequent device processing [Bergh, 73].
The initial approach was to deposit single layers onto many substrates.  When 
multiple layers are needed, the wafers have to unloaded and grown after the melts are 
changed.  Subsequently ingenious designs resulted in multi-layer, multi-slice 
systems.  In a review paper [Saul, 74], several multi-slice LPE systems were 
surveyed.
A.1 Aliquot rotator
A rotating aliquot system was described in [Lorimor,73].  In this system, the 
substrates are mounted back-to-back in a horizontal stack separated by ~2mm, which 
is twice the effective melt thickness.  The melt and its constituents are placed in a 
mechanically sealed growth container that eliminates stringent ambient requirements 
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and prevents loss of volatile dopants from the melt.  This system has been used to 
grow red GaP(Zn,O) LEDs with efficiencies averaging 6% and maximum of  9%.  
Figure 34: Detailed mounting arrangement of aliquot rotator [Lorimor,73]
Figure 35: (a) Construction details of the crucible, (b) completed assembly of the 
rotator [Lorimor,73]
Figure 34 shows the mounting arrangement of the substrates, accomplished by 
a series of quartz spacer-clamps, while the completed assembly of the rotator is 
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shown in Figure 35.  After loading the sources, the melt is heated to high temperature 
(1030oC) for equilibration.  The reactor tube is then rotated to bring the melt into 
contact with the wafers and the furnace temperature ramped down.  Since growth 
occurs inside the closed growth container, the furnace ambient is regarded as being 
unimportant and unpurified N2 is used as the ambient gas.  To terminate the growth, 
the tube is rotated again.  After growth of the n-layer, the n-melt is removed from the 
rotator, the crucible cleaned and reloaded for the p-run.  The rotator and still loaded 
mounter are re-assembled and the p-layer subsequently grown.
A.2 Flipper system
Figure 36: Concept of flipper system for multi-slice growth.  Insert shows the 
operational sequence [Saul,74]
One of the first high capacity systems for GaP growth was a flipper system that 
could accommodate four to five substrates per melt container and a furnace tube 
could accommodate about three of these containers along its flat zone [Saul,74].  The 
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boat assembly and multi-container capability, are shown in Figure 36 along with the 
operational sequence.  The wafers are brought into contact with the melt during 
rotation of the cradle about its horizontal axis.  The wafers flip onto the surface of the 
melt where they remain as the temperature is lowered to affect growth.  Rotating the 
cradle in the opposite direction so as to flip the wafers back against the holder while 
the solution drains away terminates growth.  
This design was subsequently improved to add capability to dope and saturate 
the melt from the gas phase using H2S, NH3 and PH3.  The disadvantage of this 
design is that large quantities of Ga are consumed.  For example, for the growth of a 
single LPE layer, ~35 to 50g of Ga per substrate is used.  The large economic penalty 
of the high Ga consumption can be reduced if the melt can be reused.  The 
researchers [Saul,74] were able to reuse the melt as many as 18 times without 
suffering a loss in the diode brightness.  The use of vapor sources of doping and melt 
saturation was advantageous in this regard as it afforded a convenient method for 
replenishing a melt of unknown composition.
A.3 Dipper system
Vertical dipping systems have also demonstrated modest multi-slice capability.  
[Lorimor,73] used a dipping system for the growth of green-emitting junctions by an 
overcompensation process.  In this system, the melt was opened to the gas ambient 
and two substrates were mounted back-to-back on a thin quartz plate.  This system 
used 30g of Ga per one-inch diameter wafer for an LPE p-n junction.  
Dipping systems, which use large melts, are costly, like flipper systems.  
Furthermore, the LPE layers are tapered, as much as 100%, due to temperature 
gradients arising in the vertical furnace, although with precision furnace temperature 
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profiling, these tapers can be eliminated.  The wafer capacity of conventional vertical 
dipping system is also limited, viz., two wafers for the system described.
A.4 Thin melt slider system
One of the principal expenses in the operation of the preceding systems is the 
large quantity of consumed Ga.  Reuse of the melt improves this situation.  However, 
ultra clean handling techniques must be used to avoid melt contamination.  Systems 
have been devised where a thin layer of melt is confined to each substrate thus 
reducing material cost. The use of thin melts also improves layer quality by 
minimizing interface instability resulting from constitutional supercooling and by 
reducing tapers due to mass transport caused by thermal gradients.  One such system 
is shown in the following diagram [Berg,73].
Figure 37: Slider boat for aliquot formation [Berg,73]
Sectioning a reservoir melt into increments (aliquots) of equal thickness 
produces the thin melts.  As illustrated in Figure 37, the aliquot cover plate is 
perforated to maximize communication with the gas phase.  Six substrates up to 
38mm in diameter can be accommodated in the prototype system.  The carbon boat 
utilizes 1-2mm aliquot melts that are sequentially formed under the reservoir melt.  
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Figure 38: Parts of the double slider LPE apparatus [Berg,73]
The formation of thin aliquots is achieved by the confinement of a sectioning 
of the melt, which is determined by the depth of the substrate between the wetted 
substrate and the non-wetting cover plate.  Melts as thin as 0.5mm have been used, 
but for typical layer thickness required for GaP LEDs, melts of 1-2mm are needed.  
Typically <10g of Ga is used per epi layer for a 38mm diameter wafer.  More details 
of this operation are shown in the exploded view in Figure 38 and in the sectional 
view in Figure 39.
Figure 39: Cross-sectional view of double slider LPE apparatus in operation 
[Berg,73]
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A.5 Vapor doping overcompensation system
As show in Figure 40, the reactor tube for a vapor doping overcompensation 
system consists an active zone in which the crystal growth and doping takes place, 
and a passive zone which provides the vapor source of Zn, for p-type doping.  A 
connecting capillary tube isolates the two zones.  This restriction also increases the 
flow velocity of the Zn vapor to the active zone when the flow of carrier gas (H2) is 
initiated.  All dopants are introduced in the hot zone using independent delivery 
tubes.  This is essential to reduce system memory effects.  An LPE slider boat rests 
on a quartz ramp of rectangular cross section and is accurately positioned in the hot 
zone by a depression in the ramp.  The active zone is contained n a modified 
diffusion furnace.  The Zn boat in the passive zone is maintained at Ts~600oC, using 
a separately controlled furnace.
Figure 40: Apparatus for Zn vapor doping for overcompensation growth of p-
layer [Saul, 74]
The features of this system are:
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i. The efficiencies of epoxy-coated diodes (15mils x 15mils) in the mesa 
configuration at a forward current density of 7A/cm2 are in the range of 0.10%-
0.15%, with a peak of 0.2%.  This is the highest reported number for low current 
operation.
ii. The growth time can be short, while Ga consumption is minimal.
iii. Excellent surface quality and layer thickness uniformity (<10%) has been 
obtained for 50 runs.
iv. In a given multi-slice run, variations of ~ ±10% in slice-to-slice average 
efficiency have been observed.
A.6 Stacked-slider system
A novel method of forming thin melts simultaneously on 15-20 substrates is 
illustrated by the scheme shown in Figure 41 [Saul,74].
Figure 41: Stacked slider LPE system, shown in initial(A) and growth(B) 
positions [Saul, 74]
As illustrated in Figure 41, the boat is comprised of a staggered series of ~1mm 
thick plates, each containing a substrate and a through-hole.  Alternate plates are 
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movable and the remainders are stationary. In the initial position, the holes are 
aligned to form the melt well.  The melt is placed in this well where the dopants and 
polycrystalline GaP are added as solids.  Sliding the movable plates forms an aliquot 
over each substrate.
The aliquots are in effect covered during growth, hence the rate at which the 
volatile dopant species is lost is reduced.  This system has produced highly 
satisfactory results with red GaP(Zn,O) LEDs.
A.7 Vertically stacked system
Figure 42: Vertically stacked system for LPE growth [Saul, 74]
This is a high capacity system in which the wafers are stacked vertically.  Each 
substrate sits on a thin plate that is supported by an annular ring.  The thickness of 
this ring determines the melt thickness.  The necessary amount of Ga is placed onto 
each substrate at room temperature as the growth chamber is loaded.  The melt is 
saturated by partially dissolving the substrate as the furnace is heated to the initial 
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growth temperature.  However, uniform growth is only obtained when a pre-wetting 
step is included in the procedure.  This step consists of an entirely different operation 
that brings a Ga melt into momentary contact with the substrates at 600oC in an 
apparatus similar to that in Figure 13.  Alternatively, a 600oC hold period was used 
during heat-up of the assembly.
A.8 Two melt type LPE system
This system has actually evolved from a tip approach [Yamaguchi,76], shown 
in boat (a) in Figure 43, to a single melt pull system [boat (b)] to the double melt boat 
[Ninna,77].  In theory the design could be expanded to more melts for more complex 
structures.
In boat (a), the Ga melt and GaP substrates are isolated in two compartments 
prior to growth.  The inside of the boat is divided in two parts by a partition wall, one 
of which is for the Ga melt and the other used for setting the substrates.  The 
substrates are set vertically in the horizontal array using holding plates on both side 
of which two substrates are fixed.  In the contact process, where the Ga meets the 
substrate surface, the boat is tilted more than 90o, then is returned to its initial 
position.  The Ga flows over the wall into the space where the substrates are set.  At 
the termination of crystal growth, the Ga melt is drained from the substrate surface 
by turning the boat in the reverse direction or upside down.
Boat (b) is similar to boat (a) in that the inside is divided in two, but it differs 
in that the spaces are separated by a horizontal partition that can slide through slots 
and along groves cut horizontally into the vertical walls of the boat.  The sliding 
portion has a hooking hole at one edge and tiny holes on the other side.  In the 
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contact process the partition is slid horizontally by operating the rod hooked at the 
hooking hole, and when the tiny holes come into the inside of the boat the Ga melt 
flows into the lower compartment through them and makes contact with the substrate 
surface.  The Ga melt is removed from the substrate surface by turning the boat 
upside down at the termination of crystal growth, as in boat (a).
Figure 43: Schematic on boat designs by [Yamaguchi,76].  The figure shows the 
state where Ga melts and GaP substrates are separated in two 
compartments prior to the contacting operation by tipping or pulling
In the tip and single melt approach, the p-n junction formation is through over-
compensation after the n-layer growth has been completed.  Zinc source is vaporized 
in a secondary zone of the furnace and transported over to the growth zone by vapor, 
similar to the approach described in [Saul,75].
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In an attempt to improve the external quantum efficiency [Yamaguchi,76], the 
boat for multi-slice growth was modified to hold multiple melts.  The boat is made of 
a high purity high density graphite and can hold 20 substrates.  The inside of the boat 
is divided into three compartments, the top, the middle and the bottom, by the two 
sliding plates.  The sliding plates have tiny holes at one end and hooking holes at the 
other end, and can slide by operating the rods inserted in the hooking holes.  The n-
and p- melts are kept in the top compartment partitioned from each other.  The 
bottom compartment is the exhaust reservoir for the n-melt after n-growth 
termination.  The n-melt flows into the middle compartment through the tiny hole by 
sliding the upper plate.  After the interruption of the n-layer growth, the n-melt flows 
out from the middle compartment through the tiny hole of the lower sliding plate.  
The p-melt then flows into the middle compartment immediately through the tiny 
hole by sliding the upper plate and the p-layers are grown.  After the p-layer growth, 
the boat is pulled out of the quartz tube without allowing the p-melt to flow out 
through the tiny hole of the lower sliding plate.  The structure of the boat described is 
depicted in Figure 44.
The features of this system are :
i. It is suitable for mass production in that the construction of the boat for the LPE 
makes operation simple and the LPE boat can treat 20 substrates up to 50mm in 
diameter in one run with a 20cm length constant temperature zone.
ii. n- and p-type layers are grown by separate melts, and the Ga metal is reused in 
order to minimize its consumption for the crystal growth.  Thin melts could 
potentially be obtained by controlling the spacing between the substrates.
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iii. Uniformity of doping, nitrogen concentration, emission wavelength and luminous 
intensity across wafers from the same run is good.  Variation of intensity is 
within 15% across a single wafer.  This is because of the one batch system in 
which each substrate is grown from the same melt.
iv. More than 100 runs have been carried out and an average external efficiency of 
0.15% at 12.5 A/cm2 are obtained routinely on 400mm square dice, with a 
maximum external efficiency of 0.23%.
Figure 44: Schematic on boat designs by [Yamaguchi,76].  The figure shows the 
state where Ga melts and GaP substrates are separated in two 
compartments on top of the wafers.
A.9  Multi-substrate slider system
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Figure 45: Multi-slice LPE boat design allowing growth of up to four layers on 
up to 16 substrates  [Heinen,85]
Heinen reported a boat, which is capable of growing a four layer structure onto 
sixteen substrates simultaneously.  The principle of the design is shown in Figure 45, 
with the substrates held in pairs on either side of graphite strips, which can move as 
shown to transport the wafers successively through the chambers containing the 
growth solutions.  These chambers are filled from upper reservoirs (not shown) after 
equilibration of the growth solutions.  The design of the system can be extended to 
more wafers with more complex structures.  The prototype system was tested with an 
LPE process for the growth of three layer structures of AlGaAs LED.  
The results from this system in terms of surface perfection, uniformity of alloy 
composition, and uniformity of thickness were similar to those obtained on 
conventional single substrate systems.  Thickness deviations within a wafer were 
about 18% and 12% for layers of about 8mm and 1.5mm thickness respectively.
[Dutt,84] improved this system to incorporate the ability to “aliquot” thin melts 
as well as reservoirs for containing a suitable source of phosphorus vapor to prevent 
thermal dissociation of the substrates, as shown in Figure 46.  The system was 
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demonstrated with experiments on two-layer structures of InP/InGaAs on InP 
substrates.  Layers with good thickness and composition uniformity were obtained.
Figure 46: Improved version of multi-substrate slider.  The first melt is 
undergoing “aliquoting” [Dutt,84]
It is evident from the above that a wide variety of growth systems are suitable 
for the high volume production of GaP LED material.  In general, the systems 
involve differing approaches at optimizing the tradeoffs between wafer capacity, Ga 
consumption, doping and layer thickness control, as well as simplicity of operation.
In summary, some desirable features of high capacity LPE systems suitable for 
mass production are:
i. Operation is kept simple typically by ingenious boat designs that are extensions 
of simpler systems, which facilitates transferring development processes into 
production.
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ii. Vapor phase doping is used in many cases, again to simplify operations and 
allow for more automated operation.
iii. Minimizing of consumption of Ga, either by recycling or through the use of thin 
melts is a major consideration.
iv. Offline baking of Ga will reduce the time needed for growth preparation.
v. Melts preparation should preferably be done in big volume for more precise 
control, and then used by all the different substrates for good uniformity across 
different wafers.
vi. With the advent of MOCVD, organo-metallic gases for nitrogen doping and 
phosphorus saturation of melt should get more popular.  
These features should be incorporated when setting up a new LPE facility.
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APPENDIX B: GRAPHITE BOAT DESIGN
The Autocad drawing for the new graphite boat is as follows:
Figure 47: CAD drawing of new graphite boat and slider
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For comparison, the design of the old boat is shown the the following figures. 
Figure 48: CAD drawing of previous graphite boat
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Figure 49: CAD drawing of previous graphite slider
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APPENDIX C: EXPERIMENTAL PROCEDURES
In conducting the research, the first and foremost consideration is SAFETY.  
H2 is potentially explosive if it is mixed with oxygen or air, hence it must be ensured 
that there is no leak in the system.  This is done by pumping down the system each 
time the reactor is opened, and before turning on the furnace.  The pumpdown also 
helps in maintaining cleanliness of the system.  
C.1 Procedure for Ga baking
This baking procedure is applied to bake out the Ga used for growth.  This 
helps to reduce any oxide layer on the Ga surface, and leaves a clean shiny Ga melt 
for the growth.
i. Shut off hydrogen flow.
ii. Turn on nitrogen flow and increase flow rate.
iii. Unscrew the endcap, turning each screw in small increments.
iv. Pull out graphite boat.
v. Load the weighed Ga into the wells.
vi. Push back boat and tighten screws in small increments.
vii. Start pumpdown procedure(see below).
viii. Heat up furnace (temperature is 50 to100oC above the actual growth 
temperature) and increase H2 flow.
ix. After about 4 hours, push out the furnace.
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x. Increase hydrogen flow to prevent back streaming of oil during cooling.
xi. Turn on fan to cool down reactor.
xii. Cool to below 200oC before decreasing hydrogen flow.
C.2 Procedure for pumping down the reactor tube
This pumpdown procedure must be applied each time the reactor is opened to 
keep the reactor clean and to ensure that it is leak-free.
i. Shut off gas flow and exhaust valves.
ii. Start pump, then open the vacuum valve.  This sequence must be strictly 
followed, else backflow of mechanical pump oil may contaminate chamber.
iii. Pump down to a pressure of less than 5´10-5 mbar.  This will take about 40 min.  
If the pressure cannot be reached, tighten the screws on the end cap and the push 
rod.
iv. Shut vacuum valve and turn on H2 flow.
v. Increase slowly the H2 flow rate.  Wait for about 3 min, until the pressure 
regulator is >0.5kgf/cm2.
vi. Open exhaust valve slowly.  If oil is sucked back, shut the valve and try again 
after 2 min.
C.3 Procedure for LPE growth
The temperature and flow rate used for growth may be varied to achieve the 
desired effect.  It must be noted, however, that the quartz tube should not be 
subjected to a temperature of higher than 1200oC, otherwise it can start to deform.  
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The thermocouple in the reactor reads the temperature inside the quartz tube, thus the 
actual temperature at the quartz surface is expected to be higher, since it is closer to 
the heating element.  The procedure for growth, after Ga has been baked, is as 
follows:
i. Clean the substrates according to procedure stated in section 4.4.1.  
ii. Load substrate, weighed GaP sources and dopants.
iii. If nitrogen doping is desired, add GaN to the melt.  Sprinkle a little GaN in the 
melt slot above the Ga, not directly on the Ga.  Too much GaN will result in pits 
appearing on the epitaxial layer.
iv. Pump down the reactor as outlined above.
v. Set temperature to 1000oC, and bake for around 2½ hours.
vi. Lower temperature to 900oC.
vii. Hold temperature at 900oC for at least ½ hours.
viii. Set ramp rate to desired.
ix. Start ramp down, wait for temperature to be lowered by 5oC for melt back.
x. Move substrate under melt-back Ga for 5 seconds.
xi. Move substrate to next melt for growth.  The amount of time before transferring 
to following melt will depend on the thickness required.
xii. When growth has been completed, move substrate away from melt and push 
furnace out of reactor tube.  
xiii. Tighten nut for push rod movement.  This should be done whenever there is no 
movement of the slider, to prevent H2 from being leaked into the loading hood.
xiv. Increase hydrogen flow to prevent back streaming of oil.
xv. Turn on fan to cool down reactor.
xvi. Cool to below 200oC before decreasing hydrogen flow.
